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Abstract 
The research reported in this Thesis has contributed to the development 
of methodologies in the study of disorder-to-order transitions, as well as 
given insight into the thermodynamics and kinetics of specific, biologically 
relevant processes in a small DNA binding protein, PBX homeodomain 
through a combination of Nuclear Magnetic Resonance (NMR) dynamics 
experiments and Differential Scanning Calorimetry (DSC). The major 
conclusions and contributions to original knowledge from each chapter are 
outlined below.  
A model is presented where protein folding kinetic data for multiple 
mutations at individual hydrophobic core positions can be well accounted 
for by two parameters describing the dependence of transition state 
stability on both native-like interactions (both specific packing and 
hydrophobic burial) and additional (non-native) hydrophobic collapse,. The 
two-parameter fits represent a general approach for interpreting folding 
data for multiple mutations at hydrophobic core positions and provide 
more detailed information on the structure of the transition state than do 
existing methods. 
A combination of DSC, NMR thermal melt, and CPMG experiments were 
used to determine whether PBX homeodomain (PBX-HD, residues 1-59) 
crosses an energy barrier upon folding. It was shown that PBX-HD folds 
rapidly (kF = 4090 s-1 at 25 °C) over a single, entropic energy barrier. A 
novel global analysis of DSC, NMR thermal melt and CPMG experiments 
was developed which provides a robust approach for analyzing folding 
cooperativity.  
A combination of 15N NMR relaxation dispersion experiments and DSC 
were used to examine the nature of millisecond timescale motions in the 
PBX homeodomain (PBX-HD, residues 1-78). Residues in the TALE 
(three amino acid loop extension), DNA binding region, and C-terminal 
extension of PBX-HD undergo concerted conformational transitions. 
 xx 
These three regions of the protein are known to communicate 
allosterically, and this study shows that these regions are energetically 
linked. 
Finally, the backbone flexibility of PBX (residues 1-78) was investigated 
through NMR relaxation experiments. A series of four relaxation 
experiments that provide an exchange-free measure of dipole-dipole 15N 
transverse relaxation were employed. Somewhat surprisingly, relaxation 
experiments show that helix 1 is highly flexible on the picosecond 
timescale. This gives support to the proposed stabilizing role of the 
disorder-to-helix conformational transition of the C-terminal extension. 
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Abrégé 
La recherche présentée dans cette thèse a contribué au développement 
de méthodologies dans l'étude des transitions de désordre-à-ordre, ainsi 
que donner un aperçu de la thermodynamique et cinétique des processus 
spécifiques, biologiquement pertinentes dans une petite protéine de 
liaison de l’ADN, l’homéodomaine PBX, via une combinaison 
d’expériences de dynamiques par Résonance Magnétique Nucléaire 
(RMN) et de Calorimétrie Différentielle à Balayage (DSC). 
Un modèle est présenté dans lequel des données cinétiques de 
repliement de protéine pour de multiples mutations fait à des positions 
spécifiques dans le cœur hydrophobe peuvent être bien représentées par 
deux paramètres décrivant la dépendance de la stabilité de l’état de 
transition sur les deux interactions natives (à la fois d'emballage 
spécifique et de formation de coeurs hydrophobes) et sur (non-natives) les 
effondrements hydrophobes additionnelles. Le modèle à deux paramètres 
représentent une approche générale pour l'interprétation des données de 
repliement de protéine pour de multiples mutations à des positions 
spécifiques dans le cœur hydrophobe et fourni des informations plus 
détaillées sur la structure de l'état de transition que les méthodes 
existantes. 
Une combinaison d’expériences de DSC, de fusion thermique par RMN, et  
de CPMG a été utilisée pour déterminer si l’homéodomaine PBX (PBX-
HD, résidus 1-59) traverse une barrière énergétique lors du repliage.  Il a 
été démontré que PBX-HD se replis rapidement (kF = 4090 s-1 à 25 ° C) en 
traversant une seule barrière entropique d'énergie. Une nouvelle analyse 
globale des expériences de DSC, de fusion thermique par RMN et de 
CPMG a été élaborée qui fourni une approche robuste pour l'analyse de la 
coopérativité de repliage. 
Une combinaison d’expériences de la dispersion de 15N due à la 
relaxation par RMN et de DSC a été utilisée pour examiner la nature des  
 xxii 
mouvements à  l’échelle des millisecondes dans l'homéodomaine PBX 
(PBX-HD, résidus 1-78).  Les résidus situés dans le TALE (three amino 
acid loop extension), région de liaison d'ADN, et l'extension terminale C 
de PBX-HD subissent des transitions de changement de conformations 
concerté. Ces trois régions de la protéine sont connues pour 
communiquer de façon allostérique, et cette étude démontre que ces 
régions sont énergétiquement liées. 
Enfin, la flexibilité de la chaîne principale de PBX (résidus 1-78) a été 
étudiée par des expériences de relaxation de RMN. Une série de quatre 
expériences de relaxation qui fournissent une mesure de libre-échange de 
la relaxation dipôle-dipôle transversale de 15N a été employée. Assez 
curieusement, les expériences montrent que l’hélice 1 est très souple sur 
l’échelle des picosecondes. Ceci appui le rôle proposé de stabilisation de 
la transition conformationnelle du désordre- à-hélice de l'extension 
terminale C. 
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1. Introduction 
 
 
 
 
 
 
 
 
 
 
 2 
1.1 Research Motivation 
 As Richard Feynman very eloquently expressed in his Lectures on 
Physics series, "everything that living things do can be understood in terms of the 
jiggling and wiggling of atoms [1]." The main workhorses (and jigglers and 
wigglers) in biological systems are proteins. Proteins are inherently dynamic 
biomolecules, from their initial folding, to their interactions with binding partners. 
The goal of this Thesis is to contribute towards an understanding of the 
thermodynamics and kinetics of protein motions, both in the folding process and 
in protein binding processes. 
Protein folding has been a topic of intensive research for many years. 
Determining how a protein obtains its native fold is of great interest. 
Understanding the kinetics, thermodynamics, and structural interactions involved 
in this process can give a complete picture of the folding process. While we are 
still far from fully understanding the folding of most proteins, tremendous 
progress has been made both computationally and experimentally.  
 Living systems depend on tightly-regulated networks of macromolecular 
interactions. In many cases, it is necessary that complexes form rapidly as well 
as bind tightly. This raises a problem analogous to that of protein folding: how do 
binding partners rapidly select the correct conformations and relative orientations 
for productive interaction from the landscape of different options? 
 3 
Biological macromolecules are inherently dynamic and in many cases depend 
on changes in conformation and flexibility to perform their physiological roles [2, 
3]. In order to understand how they function at an atomic level, it is necessary to 
map the energetic interactions that govern their structures and dynamics.   
 In this Thesis, contributions to the study of protein folding were made on two 
fronts. First, energetics of interactions in the hydrophobic core of protein folding 
transition states were modeled based on both native state interactions and 
hydrophobic collapse [4]. Second, the folding process of a small, fast folding 
protein, PBX (pre-B cell leukemia homeobox) homeodomain, was analyzed via a 
combination of Nuclear Magnetic Resonance (NMR) and Differential Scanning 
Calorimetric (DSC) techniques [5]. This study illustrates a novel method for 
differentiating between downhill and two-state folding models, which can be 
extremely challenging to separate experimentally.  
 Contributions towards the understanding of functional dynamics were also 
made through the study of the PBX homeodomain using both NMR and DSC. 
This protein exists in equilibrium between a ground state and an excited state 
that we postulate facilitates DNA binding [6]. Thermodynamic and kinetic data 
were obtained through NMR dynamics experiments at a range of temperatures.  
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1.2 Protein Folding  
 Understanding the fundamental mechanisms by which proteins fold into 
complex structures required for biological function remains one of the central 
challenges in biology. In the early 1960s, Christian Anfinsen published his 
thermodynamic hypothesis on protein folding, stating that the native structure of 
a protein should be able to be determined by its amino acid sequence alone [7]. 
He concluded that calculating the sum of all interatomic interactions in each 
possible conformation, and finding the conformation with the lowest internal 
energy should yield the protein structure. While this sounds straightforward, if a 
protein were to sample each interatomic interaction in searching for the lowest 
internal energy in a random manner, there would be an almost infinite number of 
possible conformations that the protein would have to search through. For 
example, a protein of 101 amino acids, with each bond connecting amino acids 
having three possible states (in reality there are many more), would be able to 
exist in 3100 possible configurations. And if the rate of sampling of conformations 
was 1013 per second, it would take 1027 years to sample every conformation [8]. 
Nevertheless, proteins fold on a timescale of seconds or less, and this is often 
referred to as the Levinthal paradox [8]. 
 Folding is a transition from disorder to order, rather than a conformational 
change from one structure to another. As such, simple one dimensional reaction 
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paths cannot capture the loss in conformational degeneracy. In order for proteins 
to fold rapidly, they must have ‘funnel’ shaped energy landscapes [9]. Energy will 
decrease, on average, as structures are formed that are more and more similar 
to the native structure, so that the energy is ‘funneled’ to the native state.  
  The study of the folding-unfolding mechanism of proteins and the forces 
involved is therefore often seen as a study of the protein energy landscape, with 
many high enthalpy (denatured) states and few low enthalpy (native) states 
(Figure 1.1).  Proteins folding via a two-state mechanism (only a native and 
denatured state populated) have a relatively smooth energy landscape (Figure 
1.1 a), but this case is rare. Instead, even small proteins often fold through one or 
more partially folded states, leading to a more rugged landscape (Figure 1.1 b)   
 
 
 
Figure 1.1: Free energy landscape cartoons. 
 (a) A smooth energy landscape for a fast folding protein. (b) A rugged energy 
landscape with kinetic traps. (c) A "golf course" energy landscape in which 
folding is dominated by diffusional conformation search.  (d) A moat landscape, 
with obligatory intermediates. (Reprinted with permission from [10])  
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How a protein navigates this landscape to its native state is referred to as 
the protein folding problem .The protein folding problem has come to be regarded 
as three different problems [10]: a) the thermodynamic question of which 
interatomic forces dictate the structure of the protein, b) the computational 
problem of how to predict a protein's native structure from sequence alone, and 
c) the kinetics problem of what routes or pathways lead to rapid folding. Chapters 
2 and 3 of this Thesis focus extensively on the thermodynamics and kinetics of 
the protein folding problem.  
 
1.2.1 Methods in Protein Folding 
 There is an extremely broad range of experimental techniques that have 
been developed to elucidate a molecular description of folding landscapes over a 
range of time scales. As of now, it is not possible to experimentally generate an 
atomic-resolution "movie" of a protein as it folds. There are, however, a large 
range of biophysical tools to examine structural and dynamical information at 
points throughout the folding process. An extensive review of these techniques 
would largely be outside the scope of this Thesis, with the exception of Φ-value 
analysis and NMR relaxation methods, which are discussed in sections 1.2.2 and 
1.5, respectively. For an excellent overview of many experimental techniques 
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currently used in the study of protein folding, the reader is directed to a review by 
Bartlett and Radford [11].  
 
1.2.2 Φ-Value Analysis 
Proteins that fold with two-state kinetics are widely studied as model 
systems for the folding process. The simplest model for a two-state folding 
process is transition-state theory, analogous to transition state theory for 
explaining rates of chemical reactions. As shown in Figure 1.2, the transition 
state is defined as the highest energy point along a folding (or reaction) pathway. 
 
Figure 1.2: Transition-state theory 
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Energy diagram illustrating the relative free energy of the denatured state, D, the 
transition state, T, and the native state, N, for a two-state folding reaction. ΔG‡ 
represents the energy difference between the T and D states.  
 
The transition state is central for understanding two-state folding kinetics. 
Although these molecules adopt their native conformations without the detectable 
accumulation of partly-structured intermediates, information on rate-determining 
steps during the reaction can be obtained by comparing the effects of mutations 
on folding kinetics and native state stability. In a typical analysis, a parameter Φ 
is calculated for each mutation [12] according to 
 
 ln lnmut wtF F
N
RT k k
G
  
,           (1.1)
where kFwt and kFmut are the folding rates of the wild-type (wt)  and mutant (mut) 
proteins and GN is the change in the stability of the native state caused by the 
mutation,  
mut wt
N U N U NG G G                (1.2)
where U and N are the unfolded and native states, respectively. If it is assumed 
that protein folding follows Arrhenius kinetics with a mutation-independent 
prefactor, then the numerator in Eq. (1.1) is equal to the change in the free 
energy of transition state, GT: 
GT  ≡ ΔGU→‡mut – ΔGU→‡wt = -RT(lnkFmut - lnkFwt).        (1.3) 
 Mutations of residues that are unstructured in the transition state produce 
Φ values of 0, while mutations of residues that are natively structured in the 
transition state produce Φ values of 1. Intermediate values of Φ are more difficult 
 9 
to interpret, and are obtained when interactions are only partially formed, or when 
interactions are formed in only a sub-set of the conformations that compose the 
transition state [12].  
Some assumptions must be made in order to interpret Φ-values. The first 
assumption is that the folding pathway is not altered by the mutation. To this end, 
mutations are generally non-disruptive, with mainly glycine or alanine as 
substitutions [13]. Deletion of large side chains may give Φ-values that are an 
average Φ-value for all interactions removed. The other important assumption is 
that interactions that stabilize the transition state are native-like, and this has 
been shown to not always be the case. An elegant example of this was 
demonstrated in Gly-48 mutants of the Fyn SH3 domain. Local propensity for a 
nonnative backbone conformation was found to be a strong kinetic driving force 
in the folding of Fyn SH3 domain, indicating that its folding transition state 
contains a specific nonnative conformation [14, 15].  
Non-classical Φ-values, where Φ < 0 or Φ > 1, have been reported in 
numerous cases [16-19]. A common view is that they result from non-native 
interactions, including conformational strain in the hydrophobic core of proteins 
[17]. It has been suggested that they  can be interpreted in terms of the funnel 
shaped energy landscape, where a mutation might redirect the folding pathway 
within the folding funnel [18]. Additionally, non-classical Φ-values can arise from 
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a mutation disrupting native-like interactions that persist even in the denatured 
state [20].  
 While Φ-values have been traditionally obtained via stopped-flow 
fluorescence experiments [21], relaxation dispersion NMR experiments yield 
kinetic rates, and therefore can be used as a kinetic method for Φ-value analysis 
[15, 22, 23]. An advantage of NMR relaxation dispersion spectroscopy (see 
Section 1.5.1.2 for details) in the study of protein folding is the availability of 
chemical shifts to monitor the formation of structure as folding proceeds. In the 
context of Φ-value analysis, a comparison of chemical shifts can be used to 
ascertain potential changes to the structure(s) of folded, intermediate, and 
unfolded states as a result of mutation [15].Recently, Hahn-Echo and CPMG 
relaxation dispersion experiments have been used to derive Φ values in a fast 
folding protein, villin headpiece domain, HP67 [24]. Additionally, Φ-values have 
been used as restraints in conjunction with computer simulations to provide 
structures of transition state ensembles [25-29].   
 
1.2.3 Downhill Folding 
Ultra-fast folding proteins fold with rates in the range 106–104 s−1 [30] , and 
are typically small in size.  The small size of these proteins facilitates the 
investigation of fundamental processes, from chain collapse to secondary 
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structure formation and core packing. Many small proteins fold with simple two 
state kinetics, where only the unfolded state (U) and the native state (N) are 
populated along the folding pathway [31]. In contrast, ultrafast folding is 
sometimes explained in terms of free-energy barriers being small or absent, 
leading to a process known as downhill folding [32].  
Figure 1.3 below illustrates the free energy profiles for cooperative (two-
state, Figure 1.3 a) and downhill (Figure 1.3 b) folding. In two state folding, there 
is an energy well for the folded and unfolded state, which are separated by a free 
energy barrier. In downhill folding, there is no energy barrier; there is only one 
energy well that is continuously shifted between the folded state and unfolded 
state through change in environmental variables such as temperature, 
denaturant, or pH.  
 
Figure 1.3: Schematic free energy diagrams for (a) two-state and (b) downhill 
folding  
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Downhill folding is thought to occur when a protein has more local native 
contacts than global, for example, in small proteins that are predominantly made 
up of loops and helices. In fact, it can be envisaged that an alpha-helix could 
have a “zipper-like” mechanism, in which small fragments of the chain can 
search for their conformations more completely than can larger fragments, 
resulting in a rapid “zipping-up” of the helix. This would be in direct contrast to a 
two state folding mechanism, in which a helix would be either in the native state 
or denatured state [33].  
Downhill folding is difficult to demonstrate by experiment, as proteins folding 
in this manner are folding at rates close to the folding ‘speed limit’ [34], in the 
range of microseconds. It has been shown that downhill folding does in fact occur 
under certain conditions [35], such as mutants of the lambda repressor protein 
artificially designed to contain small and weak hydrophobic cores [36]. There has 
been much debate as to whether it has been observed in a naturally occurring 
protein, specifically in BBL, a 40 residue helical protein [35, 37-39]. This is largely 
because the experimental hallmarks for this type of folding are difficult to define 
[40, 41].   
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1.3 Allostery  
Allosteric regulation of protein function is "control from afar," in which binding, 
mutational events, or covalent modification at one site regulates activity at 
another site or sites. Cooperativity as a model for intramolecular control of 
binding events has been studied since the 1930s, when Pauling proposed his 
model to explain positive cooperativity of hemoglobin in the binding of oxygen 
[42]. Allostery is a term coined by Jacques Monod and Francois Jacob to 
characterize the experiments of Jean-Pierre Changeux on L-threonine 
deaminase [43]. By binding at a non-overlapping regulatory site, L-isoleucine 
inhibits the enzyme without competing with its substrate L-threonine [43].   
A view of allosteric regulation has emerged in which the native state of a 
protein is viewed as an ensemble of structures, with the active state a sub 
population of the native state [44]. Knowledge of the mechanism by which 
conformational exchange occurs in biomolecules is essential for the fundamental 
analysis of allostery. While historically allostery was limited to multimeric, 
symmetric proteins, it has now been recognized in monomeric proteins as well.  
Additionally, allostery does not necessarily need to involve conformational 
change, but instead the allosteric effect can occur exclusively through increased 
or decreased dynamics of protein segments [45, 46]. 
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Important issues in the study of allosteric interactions are actually quite 
similar to those of the protein folding problem. They include: (a) the 
thermodynamic mechanism by which an allosteric effect is transmitted, (b) how 
the distribution of protein conformations is altered, and (c) the timescales at 
which all these processes take place.  
 
1.3.1 Thermodynamic Models of Allostery 
1.3.1.1 Monod-Wyman Changeux Model 
 In the Monod-Wyman-Changeux (MWC) model of allostery, regulated 
proteins such as enzymes and receptors exist in different interconvertable states 
in the absence of regulator, a low affinity T (tense) state and a high affinity R 
(relaxed) state, where the ratio of conformations is determined by thermal 
equilibrium. For example, in Figure 1.4 a, for a dimeric protein in the unbound 
state, the equilibrium is shifted such that the subunits are in the T state. Active 
site ligands bind preferentially to the R state, shifting the equilibrium of both 
subunits towards R. Thus, the apparent affinity for ligand increases as a function 
of ligand concentration, giving rise to a sigmoidal binding profile [47]. It should be 
noted, that binding of ligands leads to a change in the relative numbers of R and 
T states, while the intrinsic binding affinity for the ligand remains unchanged.  
 The formulation of the MWC model is fairly rigorous, and as such has 
several limitations. The MWC model imposes symmetry conditions; allosteric 
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proteins are oligomers made of identical monomers in a symmetric arrangement, 
so that there are only T or R states, and not a combination of the two. 
Additionally, the allosteric effect is produced by binding of a ligand that leads to a 
change in the quaternary structure by rotation of the subunits about an axis to 
preserve the symmetry of the oligomer. MWC model is often taken in a more 
elaborated form, where symmetry conditions are relaxed or there are more than 
two states for the entire molecule [48]. 
1.3.1.2 Koshland-Nemethy-Filmer model 
 The Koshland-Nemethy-Filmer (KNF) model, often referred to as the 
"sequential model",  was originally presented to describe O2 binding to haem 
groups of tetrameric haemoglobin [49]. In contrast with the MWC model where all 
subunits must be in either the T or R state, in the KNF model each subunit can 
undergo conformational change independently. As is illustrated in Figure 1.4 b, 
binding of one ligand to a subunit changes its shape, where the bound subunit is 
in the R state and the unbound subunit in the T state. Cooperativity results from 
inter-subunit interactions making it more thermodynamically favourable for the 
other subunit to switch conformation to the high affinity state.  
1.3.1.3 Hilser-Thompson  Model 
 Contrary to the KNF model, which assumes conformational changes occur 
only upon ligand binding, the Hilser-Thompson (HT) model explicitly includes 
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conformational equlibria in the unbound subunits (Figure 1.4 c). In the absence of 
ligand, all subunits are able to fold and unfold independently of each other, with 
binding occuring only in a folded (high affinity, R) subunit and not in an unfolded 
(low affinity, T) subunit. Folding of one subdomain alters the folding equilibrium of 
the adjacent domain, and cooperativity is determined by the energetic coupling of 
the subunits [50].  
 In the HT model, allosteric coupling is maximized when the domains 
containing one or both binding sites are intrinsically disordered for a significant 
fraction of the time in the absence of ligand [50]. Optimal conditions for site-to-
site coupling are highly degenerate, meaning that the stability of any one domain 
is not critical to the coupling because changes in stability in one domain can be 
compensated for by changes in stability in another domain, or changes in 
interactions between domains. Therefore, the sites can be coupled without the 
requirement of a specific network of interactions or well defined pathways 
between the coupled sites.  
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Figure 1.4: Schematic representation of allosteric models for a dimeric protein.  
  and ◯  represent the R and T states, respectively. (a) Monod-Wyman-
Changeux (MWC) model (b) Koshland-Nemethy-Fimler (KNF) model. (c) Hilser-
Thompson (HT) model. Adapted from Freiburger et al [51].  
 
1.3.2 Kinetic Models of Allostery 
The MWC, KNF and HT models describe binding in thermodynamic terms, but it 
is also of interest to describe the pathways through which protein conformation 
changes in response to ligand binding. The two textbook mechanistic 
explanations for molecular recognition are the "lock and key model" [52], and 
induced fit model (see below) [53]. More recently, an alternative mechanism, the 
conformational selection model, was proposed that suggests that the ligand 
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selects and stabilizes a protein conformational sub-state that pre-exists in the 
absence of ligand [54, 55]. The induced fit and conformational selection 
processes can be interpreted in terms of the simple four-state thermodynamic 
cycle, shown in Figure 1.5. It should be noted that in the limiting case where the 
preferred bound conformation (bottom left in Figure 1.5)  is the lowest energy 
state for the protein, the conformational selection model is the lock-and-key 
binding model. 
 The induced fit model treats the ground state of the protein as a single, 
stable conformation (Figure 1.5, the upper left portion of the reaction scheme). 
The bound protein conformation forms only after interaction with a binding 
partner. The conformational selection model is derived from the energy 
landscape theory of protein folding and dynamics [9]. As discussed in Section 
1.2, the protein energy landscape consists of different substates in dynamic 
equilibrium. The populations of the substates follow statistical thermodynamic 
distributions. Ligands can interact with one or more of the conformational 
substates, and this leads to a redistribution of the relative populations of the 
substates that exist in solution [56]. It is important to note that while the 
conformational selection model is very similar to the MWC model, and likewise 
the induced fit similar to the KNF model, the MWC and KNF models are 
thermodynamic models, and as such, can follow either conformational selection 
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or induced fit pathways. The contributions of the two pathways are governed by 
the microscopic rate constants for binding and conformational transitions, and by 
protein and ligand concentrations [57]. As such, it can be quite challenging to 
determine the extent to which a system follows a particular binding pathway.  
 
Figure 1.5: General mechanism for ligand binding coupled to conformational 
exchange 
 Pw and Pt represent protein conformations with higher and lower affinities for the 
ligand, ▲. 
 
1.4 The PBX homeodomain: a model system for the study of folding and allostery 
1.4.1 The Homeobox 
 The cloning of the homeotic Antennapedia (Antp) gene led to the 
discovery of the homeobox, a 180-base pair DNA segment characteristic for 
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homeotic genes [58, 59]. Homeotic genes are genes involved in developmental 
patterns and sequences, and are highly conserved in evolution, being found in 
plants, fungi and animals. They regulate many embryonic developmental 
programs including axis formation, limb development, and organogenesis [60]. 
The homeobox encodes the DNA-binding domain of the respective proteins, 
which was designated as the homeodomain. Homeodomain proteins are 
transcriptional regulators, and can bind with sequence specificity to DNA with 
high affinity [61].   
 Homeodomain structure is highly conserved, comprising approximately 60 
amino acids arranged in 3 α-helices with a well-ordered hydrophobic core. A 
homeodomain consensus sequence was derived from 346 homeodomain 
proteins [62]. Seven amino acids out of sixty are conserved in over 95% of the 
sequences, and ten more occur over 80% of the time. Many of the most 
conserved amino acids form the hydrophobic core of the domain, or are involved 
in DNA binding. This results in most homeodomains recognizing the same short 
DNA sequence 5'-TAAT-3' in vitro. Variations in the flanking bases, and in the 
sequence itself have been correlated with specific amino acids [62, 63]. 
 
1.4.2 The TALE Superclass of Homeodomains 
 A particular subset of homeobox genes distinguish themselves from 
typical homeodomains by having 63, rather than 60, amino acids in the 
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homeodomain [60]. Structural studies of these genes have shown that the extra 
amino acids are accommodated in the loops between helices; either between 
helix 1 and helix 2, or between helix 2 and helix 3. A group of homeodomains 
with three extra amino acids between helix 1 and helix 2 has been given the 
name TALE (three amino acid loop extension) [64]. In animals, the TALE 
superclass of homeodomains is divided into four classes: PBC, MEIS, TGIF, and 
IRO (Iroquois) [65, 66]. 
  The loop between helix 1 and helix 2 is more conserved in the TALE 
superclass than in typical homeodomains, with positions 24-26 consisting of 
proline-tyrosine-proline in all except for the TGIF group, which has an alanine at 
position 24 [67]. Residue 50 is critical for DNA binding specificity of the 
homeodomain [68]; in the PBC class it is a glycine, in the IRO it is an alanine, 
and in MEIS and TGIF it is an isoleucine.  
 
1.4.3 PBX1 contains a PBC class homeodomain 
 PBX1 is a 430 amino acid protein that was first identified due to its 
involvement in chromosomal translocation in acute pre-B-cell leukemias [69, 70]. 
It contains one homeodomain, belonging to the PBC family of TALE 
homeodomains. Fifty out of the sixty three amino acids in homeodomains of the 
PBC family are completely conserved, with the remainder containing 
conservative or semi-conservative substitutions [65].  
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 The minimal portion of PBX which is capable of binding to DNA is the sixty 
two amino acid homeodomain, residues 233-294, which are referred to as 
residues 1-59, with the three amino acids in the TALE numbered 23a-c to 
conform to the consensus homeodomain numbering [71]. The consensus 
homeodomain (residues 1-59) comprises three alpha helices separated by two 
loops fold around a hydrophobic core.  
 
 
Figure 1.6: The PBX homeodomain (residues 1-59)  
(PDB 1DU6). The Three Amino-acid Loop Extension (TALE) can be seen as a 
bulge from the typical homeodomain structure.  
 
Interestingly, the structure of the free PBX homeodomain demonstrates that an 
atypical homeodomain containing a three amino acid loop extension has the 
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same fold as a typical homeodomain [72]. The three amino acid loop extension 
forms a bulge that allows the rest of the loop to retain a conformation typical of 
homeodomains. Helix 1 extends from residues Q11 to Y21, helix 2 E28 to S38, 
and helix 3 V42 to K52. Additionally, the fifteen amino acids C-terminal to helix 3 
are also highly conserved [73].  The C-terminal extension (residues K62-A78) is 
largely unstructured in the absence of DNA, and is highly mobile [72, 74]. 
Backbone amide crosspeaks for Y56-G61 are not observed in an 15N-HSQC 
spectrum, and therefore an NMR structure for PBX with the C-terminal extension 
cannot be elucidated [72].   
 
1.4.4 PBX binds to DNA, forming a fourth α-helix 
 The NMR structure of the PBX homeodomain bound to a DNA duplex 
containing a PBX recognition site, ATGAT, has previously been solved [72, 75]. 
Upon binding to DNA, the third α-helix lengthens, and forms a hydrophobic 
pocket along with the three amino acid loop extension [72]. A fourth alpha α-helix 
forms and packs against the homeodomain, contacting helix 1, and at an angle of 
65° to helix 3 [72].  The basic N terminal arm lies in the minor groove of the DNA, 
while helix 3 sits in the major groove (Figure 1.7). The addition of the C-terminal 
residues (residues 61-78) results in a fivefold increase in DNA affinity over the 
consensus homedomain [71].  
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1.4.5 PBX as a HOX cofactor 
Individual homeodomains bind to DNA with a fairly low degree of sequence 
specificity [76]. The specificity is greatly improved when multiple homeodomains 
bind to adjacent sites on DNA [77]. For example, Hox proteins, which play an 
important role in anterior-posterior patterning during vertebrate development, 
bind DNA cooperatively with PBC co-factors [78-87], including PBX proteins [88]. 
Hox proteins do not bind DNA with high specificity, and because of this, more 
than one Hox binding site can be found within a relatively short section of DNA 
(~500 bp). Cooperative binding results in an increase in sequence specificity 
from one binding site every ~500 base pairs for Hox proteins binding to DNA to 
one site every ~8,200 base pairs for Hox:PBX cooperative binding.  
Insight into the structural basis of this cooperativity has been gained from 
X-ray crystallographic  studies of the ternary complex formed by the 
homeodomains from HOXB1 and PBX1 (PBX-HD) bound to DNA [75]. The two 
homeodomains interact directly with each other, via a conserved motif at the N-
terminus of the HOXB1 homeodomain (Hox-peptide) and a binding pocket 
formed by the C-terminus of helix 3 and the helix 1-2 loop of PBX-HD (Figure 
1.7) [75]. Mutations and deletions within the N-terminal Hox-peptide motif and the 
TALE region (helix 1-2 loop) of PBX-HD abrogate the cooperativity of 
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DNA/Hox/PBX ternary complex formation [73, 89, 90], which confirms the 
importance of this contact. 
 
Figure 1.7: Structure of the PBX1 homeodomain (residues 1-78) bound to DNA  
(1LFU[91]) (green ribbon). Structures of DNA (light yellow) and HoxB1 
homeodomain (light blue) were taken from the X-ray crystal structure of the 
ternary complex formed by the human isoforms of the proteins (1B72 [75]). The 
Hox-peptide is connected to the remainder of the HoxB1 homeodomain by 20 
disordered residues.  
 
Formation of the ternary complex is somewhat more complicated than this 
picture might suggest. Short peptides containing the Hox-peptide motif bind to 
PBX-HD in the presence, but not in the absence of cognate DNA [91]. This 
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indicates that there is some degree of energetic communication between the 
binding sites for DNA and Hox-peptide. 
While the PBX family of homeodomains are best characterized in their role 
as HOX cofactors [92], PBX homeodomains interact with numerous other 
proteins as well, including engrailed, Meis1, and Prep1 [93-96]. It has been 
recently proposed that PBX proteins are central developmental factors whose 
role consists of integrating transduction signals by interacting with numerous 
proteins, in order to regulate gene expression programs during development [97].   
 
1.5  Experimental Methods in the Study of PBX Homeodomain 
This Thesis employs several methods in the study of both folding and 
functional dynamics of the PBX homeodomain. Nuclear Magnetic Resonance 
(NMR) spectroscopy is well suited to addressing protein dynamics, since it can 
provide detailed information on molecular conformation and internal motions. 
Many NMR measurements can be interpreted quantitatively in terms of exchange 
rates or thermodynamic differences between conformational states, such as 
folded and unfolded or ligand-free and ligand-bound forms. In this regard, 
biological NMR data are highly complementary to those of biocalorimetry, for 
example isothermal titration calorimetry (ITC) and differential scanning 
calorimetry (DSC). These methods directly detect the heat absorbed and 
released during protein binding and folding reactions. In fact, the combination of 
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calorimetric and NMR methods provides a clearer picture of molecular processes 
than does either technique alone. Microcalorimetry is extremely sensitive to the 
energetics of conformational transitions and macromolecular interactions. 
However it can be difficult to relate these measurements to specific changes in 
molecular structure and flexibility without additional information. Conversely, 
NMR is sensitive to conformation and dynamics at the level of individual atoms, 
but thermodynamic information is obtained indirectly. Combining NMR and 
calorimetric measurements has been used in this Thesis to improve the 
understanding of how the macromolecular structure, dynamics, energetics and 
function of the PBX homeodomain are related. 
 
1.5.1 Nuclear Magnetic Resonance (NMR) Methods 
 NMR has a prominent role in the study of biological macromolecules including 
proteins, DNA, and RNA. Protein structures at atomic resolution are generally 
solved by either X-Ray Crystallography or NMR Spectroscopy. While X-ray 
crystallography is able to provide structures of proteins that are much larger than 
can be obtained via NMR, NMR is often the only way to obtain structural 
information on proteins with significantly disordered regions. A review of the 
subject of structural studies of proteins by NMR is again outside the scope of this 
thesis, and those interested are directed to a review by Dyson and Wright [98].  
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1.5.2 NMR Background 
Nuclear Magnetic Resonance (NMR) spectroscopy exploits the intrinsic magnetic 
moment of nuclear spin. The magnetic moment of a nucleus with nuclear spin I 
has 2I+1  possible orientations. In the absence of any external magnetic field, the 
orientation of each magnetic moment in a sample of nuclei is arbitrary, and the 
net macroscopic magnetization of a sample is zero.  
When an external magnetic field, B, is applied, the distribution of 
orientations is no longer random. Nuclei with spin I = 1/2 (for example 1H, 13C, 
and 15N) can assume two possible orientations in the presence of an external 
magnetic field, B. The energy of the spin orientations in the presence of the 
external field B, depends on the strength and orientation of both B and the 
magnetic moment of the nuclei, µ: 
BE               (1.4) 
 Under normal conditions, B is parallel to the z axis so Eq. (1.4) can be rewritten 
as: 
0 0z I IE I B m B              (1.5) 
in which B0 is the static magnetic field, Iz is the z component of the nuclear spin 
angular momentum, I, γ the magnetogyric ratio, ħ is Plank's constant divided by 
2π, and m is the magnetic quantum number, with 2I+1 equally spaced energy 
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levels. At equilibrium, the relative population of each spin state is determined by 
the Boltzmann distribution:  
 
 
1 2 / T
1 2
m E k
m
P
e
P
 

          (1.6) 
where P is the population in each state, T is the temperature in Kelvin, and k is 
the Boltzmann constant.  The small difference in populations leads to a bulk 
magnetic moment vector, M, in the presence of an external magnetic field. NMR, 
like other spectroscopic methods, relies on the ability to excite transitions 
between energy states with photons. The selection rule for transitions between 
magnetic quantum numbers is Δm = ± 1. Thus the energy of a photon that can 
excite a transition between states is given as: 
0BE              (1.7) 
Planck's law states that E= ħω where ω is the frequency of the transition. 
Therefore, the frequency of the photon required to cause transitions between 
energy levels is  
0 0B             (1.8) 
 where ω0 is expressed in rad/s. 
A vector model of a simple NMR experiment is shown in Figure 1.8. 
Before the experiment is started, equilibrium magnetization is oriented parallel to 
the external magnetic field. A radiofrequency (RF) pulse is applied that perturbs 
the equilibrium and moves the bulk magnetization vector into the transverse 
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plane. The rf pulse is turned off and the bulk magnetization vector begins to 
precess around B0. Since the magnetization is perpendicular to B0, in the 
absence of relaxation mechanisms, the magnetization would precess around the 
static magnetic field indefinitely. However, there are two relaxation mechanisms, 
spin-lattice relaxation and spin-spin relaxation that return the system to 
equilibrium.  
 
Figure 1.8: Vector model of a simple NMR experiment 
(a) At equilibrium, the bulk magnetization vector is parallel to the external 
magnetic field. (b) After a 90° radiofrequency pulse, the bulk magnetization is 
moved into the transverse (xy) plane and begins to precess about the B0 field. (c) 
Spin-spin relaxation (R2) is the process where the bulk magnetization is 
dephased resulting in a loss of NMR signal. (d) Spin-lattice relaxation returns the 
spin states to Boltzmann distribution and re-establishes the bulk magnetic 
moment parallel to B0.  
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  Relaxation is the phenomenon by which spins, and therefore the 
macroscopic magnetization of a group of spins, achieve equilibrium, through the 
exchange of energy between spins and with the environment. It consists of two 
processes, the first being the recovery of longitudinal, or T1, relaxation. It consists 
of the gradual increase of the longitudinal component, Mz, of bulk magnetization 
(M). This relaxation is due to exchanges of energy between each individual spin 
and the surrounding lattice, and is therefore dependent on the chemical and 
physical properties of the spins' environment. The second is the decay of the 
spin-spin, or T2 relaxation. It consists of the gradual decrease of the Mxy 
component of M. This relaxation is due to both spin-lattice interactions, and to 
interactions between neighbouring nuclei (this process tends to dominate the 
transverse relaxation process).  For convenience, the inverse of relaxation times 
are often used, referred to as R1 and R2 relaxation rates.  
 
1.5.3 NMR Dynamics 
NMR dynamics experiments are exquisitely sensitive to protein motions over a 
wide range of timescales. NMR dynamics techniques are able to characterize 
motions on timescales spanning many orders of magnitude. Techniques have 
been developed that can quantify motions that take place on a scale from  
picoseconds to hours [3]. Not only does NMR afford a great range of timescales 
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to be examined, a typical experiment can simultaneously detect signals from 
many NMR nuclei within the biological molecule, giving many probes of motion 
throughout the biomolecule at atomic resolution.  
1.5.3.1 Spectral Analysis 
If we take, for simplicity, one nucleus exchanging between two states, A 
and B: AB
BA
k
k
A B , where kAB and kBA are the corresponding forward and reverse 
rate constants, the chemical exchange rate constant, kex is given by kex= kAB +kBA 
 The rate of exchange can be monitored by several different NMR methods, 
depending on the timescale of exchange. Figure 1.9 presents idealized 1-
dimensional spectra of a two-site exchange system with a skewed population 
(pa= 75%, pb= 25%) and various rates of exchange, kex. As the exchange rate 
increases, the two resonances behave according to different spectral regimes, 
depending on the relative magnitude of the frequency difference between the two 
sites, Δω.  
Slow exchange   Δω>>kex 
Intermediate exchange  Δω≈2kex(papb)1/2 
Fast exchange   Δω<<kex 
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Figure 1.9: Simulated one dimensional NMR spectra for nuclei exchanging 
between two distinct chemical environments.   
(a) When the rate of exchange is much slower than the difference in chemical 
shift, separate peaks are observed for the two states. (b) Exchange broadening 
is caused by stochastic variations in chemical shift, which cause the NMR signal 
to decay more rapidly, leading to broader, weaker signals. (c) When exchange is 
far more rapid than the difference in chemical shift, a single sharp peak is 
 34 
obtained at the population weighted average chemical shift. (adapted from 
Palmer et al [99]) 
  
If in the above example, A and B correspond to a macromolecular binding site in 
the bound and unbound states, respectively, ligand binding alters the local 
electronic environment of the nucleus, resulting in a shift of the resonance 
frequency to ωB. The resulting NMR signal from the ensemble of nuclei in the 
sample depends on the fraction of binding sites that are occupied by ligand, fB, 
the difference in chemical shift between the free and bound states, Δω = ωB  ωA, 
and the rate at which the ligand associates and dissociates, kex = kon + koff. Note 
that in this example, kon is a pseudo-first order rate constant that depends on the 
second order association rate constant and the concentration of free ligand, kon = 
kon [L]. When kex << Δω, the system is in the slow exchange regime and spectra 
contain separate peaks at ωA and ωB. If ligand is gradually added, the intensity 
(IF) of the “free” peak at ωA decreases while the intensity (IB) of the “bound” peak 
at ωB increases, according to IB  fB[M]T and IF  (1-fB)[M]T, where [M]T is the 
total macromolecule concentration. In contrast, when kex >> Δω, the system is in 
the fast exchange regime and the spectrum contains a single peak at the 
population-weighted average precession frequency. If ligand is titrated into the 
sample, the position of the peak gradually shifts from ωA to ωB, according to ωobs 
= ωA + fBΔω. Thus analyses of peak intensities or positions can yield quantitative 
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information on the populations of different conformational states at atomic 
resolution. Furthermore, fluctuations in ω on the millisecond to microsecond time 
scale, for example due to exchange between ligand-free and ligand-bound 
states, leads to enhanced transverse relaxation and increases in the line widths 
of NMR signals. The extent of this spectral broadening is related to the kinetics of 
exchange and may be characterized directly by relaxation dispersion techniques. 
In general, NMR spectra may be fitted quantitatively to dynamic models 
comprising the first-order rate constants, precession frequencies, and intrinsic 
transverse relaxation rates (R2) of two or more interconverting states [100-102]. 
1.5.3.2 Carr-Purcell-Meiboom Gill  (CPMG) Experiments 
Relaxation dispersion NMR techniques such as Carr-Purcell-Meiboom-Gill 
(CPMG) experiments provide thermodynamic, kinetic, structural, and mechanistic 
information on systems that undergo conformational exchange on the millisecond 
to microsecond time scales. They are sensitive to low-lying excited states with 
populations down to about 1% [103-105]. Many biological processes, such as 
protein folding and enzymatic catalysis take place on these time scales and are 
thus well suited to characterization by relaxation dispersion NMR. Conformational 
exchange on the millisecond time scale can lead to fluctuations in chemical shift 
that cause dephasing of the NMR signal and elevation of R2 relaxation rates. 
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Application of variable trains of refocusing pulses (CPMG) quenches the 
relaxation due to exchange (Figure 1.10). 
Sets of R2 values collected as a function of frequency or refocusing pulse 
repetition rate can be fitted to dynamical models consisting of two [106] or more 
[107] exchanging states. The fits yield thermodynamic and kinetic data in the 
form of populations and rates of exchange, as well as structural information in the 
form of chemical shifts [103] and residual dipolar couplings for weakly-populated 
excited states [108]. (Those of major states may be obtained by standard 
methods.) 
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Figure 1.10: CPMG Relaxation Dispersion experiments.  
(a-c) Effect of increasing numbers of 180° refocusing pulses applied during a 
fixed relaxation delay on the evolution of magnetization. Simulated signal 
trajectories for an ensemble of nuclei exchanging stochastically between two 
environments with different chemical shifts during a 20 ms relaxation delay. 
Vertical bars at the top of each panel represent refocusing pulses applied during 
the relaxation delay. (d) Simulated peak that increases in intensity at higher pulse 
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repetition rates (e) Calculated transverse relaxation rates (R2) plotted as a 
function of υCPMG= 1/(2τ) where τ is the delay between successive refocusing 
pulses (Reproduced with permission from Mittermaier and Kay [3]) 
 
CPMG relaxation dispersion profiles can be fitted using equations that describe 
conformational exchange between two states, A and B, associated with spin 
precession frequencies of ωA and ωB, and first order rate constants kAB and kBA: 
AB
BA
k
A Bk
  .          (1.9)  
The models can be parameterized in terms of the exchange rate, kex = kAB + kBA, 
the population of the minor (B) state, pB=kAB/kex, and the squared difference in 
precession frequency (or chemical shift) between the two states, Δω2 = (ωB –ωA)2. 
In the fast timescale regime, where kex>>|ΔωAB|,  the transverse relaxation rate is 
given by the following expression [99]: 
0 0
2 2 2
41 tanh
4
ex CPMG ex
A A B B
ex ex CPMG
kR p R p R
k k


          
.     (1.10)  
Φex=pApBΔω2, while R2,A0 and R2,B0 are the intrinsic (broadening-free) transverse 
relaxation rates in states A and B, and νCPMG=1/(2τcp), where τcp is the delay 
between successive refocusing pulses in the CPMG pulse train. In the 
intermediate timescale regime, where kex≈ |Δω|, the transverse relaxation rate is 
given by [99]: 
       0 0 112 2 22 2 cosh cosh coshCPMG A B ex CPMGR R R k D D             (1.11) 
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Relaxation dispersion experiments performed over a range of temperatures can 
provide information on enthalpy differences and activation energies between 
exchanging states. Furthermore, comparisons of data extracted at different sites 
within the molecule can help to establish whether conformational transitions are 
cooperative [109], and identify intermediates along the reaction pathway [107, 
110]. 
1.5.3.3 Relaxation Experiments 
NMR relaxation methods have proven to be powerful tools for investigating sub-
picosecond to nanosecond dynamics (ps-ns) in biomacromolecules [3, 111, 112]. 
Molecular motions on this timescale can play an important role in 
biomacromolecular function. The rate at which nuclear spin magnetization 
relaxes to equilibrium after being perturbed by RF pulses is governed by the 
amplitudes and frequencies of bond vector reorientation [3]. This has enabled 
researchers to observe specific changes in protein dynamics related to changes 
in chemical or physical states. In studies of backbone NH group dynamics in 
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proteins, it is typical to measure the 15N longitudinal relaxation rate, R1, the in-
phase (transverse) relaxation rate R2, and the heteronuclear nuclear Overhauser 
effect, ({1H}-15N NOE, or hnNOE). 
 For 13C and 15N nuclei, chemical shift anisotropy and dipole-dipole 
interactions are the dominant mechanisms by which ps-ns timescale motions can 
influence magnetic relaxation. Dipole-dipole interactions result from coupling 
between a pair of magnetic nuclei as the internuclear vector rotates relative to 
the direction of the magnetic field, B0. The dipoles stay aligned with the magnetic 
field, while the molecule tumbles, therefore the magnitude and direction of the 
magnetic field exerted by one spin on the other changes. Relaxation due to 
chemical shift anisotropy can be explained in terms of shielding by the local 
electronic environment, and its orientation with respect to B0. As the molecules 
tumbles, the direction and magnitude of these local fields also change. For R1 
relaxation measurements, the relaxation rate is R1=R1,DD+R1,CSA, where DD and 
CSA refer to dipole-dipole interactions and chemical shift anisotropy. For R2 
relaxation, there is an additional factor affecting the rate: R2=R2,DD+R2,CSA+R2,ex, 
where Rex refers to relaxation due to conformational exchange (see Section 
1.5.1.2).  
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Figure 1.11: Spin relaxation.  
Return of magnetization to equilibrium following RF pulses. (a)The build-up of 
longitudinal magnetization parallel with B0 occurs with a rate constant R1.(b) The 
decay of magnetization in the transverse plane occurs with a rate constant R2  
(c,d) Decrease in peak intensities are obtained with increasing delays in NMR 
relaxation experiments (Adapted from Mittermaier and Kay [3]) 
 
 T1, T2, and NOE parameters are typically measured using two-dimensional 
(HSQC-type) experiments in which the intensities of peaks are modulated as a 
function of a time delay, placed at a point in the sequence when the relevant 
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relaxation process is active [113]. Relaxation constants are determined by the 
spectral density functions, J(ω), according to:  
       2 2
1
1 3 6A X X A X Xd J J J c JT
                 (1.12) 
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
        
      (1.13)
 
      2 11 6A A X A XXNOE d J J T                (1.14) 
The spectral density function, J(ω), is a function describing the probability that the 
stochastic local field around a spin contains components at the frequency ω. The 
constants d= μ0hγHγN/8π2<rNH-3>, cN= B0γNΔσN((1+ηN2 /3)/3)0.5, ΔσN = σ11,N - (σ22,N + 
σ33,N )/2 (shift anisotropy), and ηN = (σ22,N - σ33,N )/ (σ11,N - σiso,N ), where σ11,N, σ22,N, 
and  σ33,N are the principal components of the nitrogen CSA tensor and σiso,N = 
(σ11,N + σ22,N + σ33,N)/3; μ0 is the permittivity of free space; h is Planck’s constant, 
γH and γN  are the magnetogryic ratios of 1H and 15N; rNH is the length of the N-H 
bond; and ωH and ωN are the Larmor frequencies of 1H and 15N.  
Model Free Analysis 
Obtaining motional parameters from experimentally measured relaxation 
parameters can be difficult. Several models have been applied to describe the 
motions, including spectral density mapping and specific motional models, but 
the most prevalent is the Lipari-Szabo model free formalism [114, 115]. 
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The major assumption in the model is that internal motions and global 
macromolecular tumbling are independent of each other. The model free 
formalism determines the amplitudes and time scales of intramolecular motions 
by modeling the spectral density function, J(ω) as a function of internal motions 
and overall molecular tumbling. 
We can define how rapidly the transverse magnetic field for a spin 
fluctuates by using an autocorrelation function of the field, which compares the 
magnetic field at any time point t to a value at a later time t + τ. If we assume 
overall and internal motions in a macromolecule are independent,  the 
autocorrelation function describing the time dependence of the nuclear spin 
interaction vector is: 
     M IC t C t C t          (1.15) 
where CM describes the autocorrelation function for global macromolecular 
tumbling and CI describes internal motion. The components of the autocorrelation 
function can be written as a function of their time scales, where the global 
macromolecular motion is generally several times slower than the internal 
motion.  
The correlation time for the overall motion is  
  1
5
M
t
MC t e
          (1.16) 
where τM is the correlation time of the macromolecule.  
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The autocorrelation function for internal motion in which CI(t) is exact at both t = 0 
and t = ∞ is: 
   2 21 etIC t S S e            (1.17) 
in which S2 is the generalized order parameter, and τe is the correlation time for 
internal motions. The magnitude of S2 varies from 0 to 1, and reflects the 
amplitude of internal motions, where S2 = 1 refers to completely restricted 
motions and for completely unrestricted motion, S2 = 0.  
A combination of Eqs (1.16) and (1.17) gives the total correlation function,  
   2 21 1 15 5M
t t
C t S e S e 
            (1.18) 
where τ-1= τM-1+ τe-1. The spectral density functions given in Eqs (1.12) to (1.14) 
can be reformulated in terms of these motional parameters so that the relaxation 
parameters can be fit to yield values for the dynamics parameters.  The 
relationship between internal motion and model free parameters is illustrated in 
Figure 1.12.   
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Figure 1.12: Model-Free Analysis.  
(a) The diffusion constants, D|| and D⊥ are for diffusion around the two 
orthogonal axes. The equilibrium position of the i th bond vector is located at an 
angle θi with respect to the symmetry axis of the diffusion tensor. Picosecond-
nanosecond dynamics of the bond vector are depicted as stochastic motions 
within a cone with amplitude characterized by S2 and time scale characterized by 
τe. Slower timescale motions are characterized by Rex about D||. (b) S2 is graphed 
as a function of θ0 (the bond vector is assumed to diffuse freely within a cone 
semiangle defined by θ0) using the equation S2= [cosθ (1+cosθ)/2]2 for diffusion in a 
cone [114]  Figure adapted from Palmer et al. [99]. 
 
Separating the intrinsic transverse relaxation rate from microsecond timescale 
exchange  
The contribution to relaxation from exchange, Rex, is independent of the rate of 
overall tumbling, complicating the analysis of ps-ns timescale motions. As was 
mentioned in the above section, the transverse relaxation rate, R2, contains terms 
from dipole-dipole interactions, chemical shift anisotropy, and chemical 
 46 
exchange.  For systems with pervasive chemical exchange on the μs-ms 
timescale, obtaining robust order parameters can be challenging, and requires 
quantification of the magnitude of Rex, or eliminating this term altogether.  
An elegant suite of four relaxation experiments have been designed by Hansen 
et al [116] that provide an exchange-free measure of dipole-dipole 15N transverse 
relaxation. Measurements of single quantum longitudinal relaxation rates in the 
presence of either 1H or 15N spin-lock fields, R1ρ(2H'zNz) and R1ρ(2HzN'z), are 
combined with multiple quantum 1H-15N relaxation rates, R1ρ2 (2H'zN'z), where 
both 1H and 15N spin-locks are applied and the decay rate of the two-spin order 
relaxation rate, R1(2HzNz),  to isolate only contributions from 1H-15N dipolar 
relaxation [116]. The (') is used to indicate the presence of spin-locking along the 
effective field.  A linear combination of the four relaxation rates yields the 
parameter RΣ,ρ: 
       2, 1 1 110.5 2 ' 2 ' 2 ' ' 2Z Z Z Z Z Z Z ZR R H N R H N R H N R H N           (1.19) 
It was then shown that RΣ,ρ can be regarded solely as a function of the dipole-
dipole relaxation rate, Rdd and the exchange contribution ΔR'ex, such that: 
 2 2, sin sin R'H N dd exR R             (1.20) 
where θX is the angle between the effective magnetic field in the rotating field and 
the z-axis: tanθX= ωSL,X/ΩX, where ωSL,X  is the spin locking field strength (rad/s) 
applied along the x axis of the rotating field, and ΩX is the offset of the spin from 
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the RF carrier on either the 15N or 1H. ,R  has been shown to be insensitive to 
chemical exchange over the complete exchange regime [116]. 
With a protein with levels of deuteration in excess of approximately 50%, it was 
shown RΣ,ρ is affected by cross-relaxation with external proton spins to a very 
small degree, so to excellent approximation [116]:  
2 2
, sin sinH N ddR R            (1.21) 
These rates can be substituted for R2 rates in the model-free analysis described 
above, without contributions from Rex skewing order parameter data.    
These experiments are proving to be quite powerful for the characterization of 
dynamics in a protein. Using the same suite of relaxation experiments, Hansen et 
al demonstrated on ubiquitin and protein L that it was in fact possible to also 
extract microsecond motions even in the presence of large-amplitude 
nanosecond motions and millisecond chemical exchange processes [117], by the 
relation: 
   
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                 
                (1.22) 
This equation is derived under the assumption that Rex,ρ(2HXNX) is very well 
approximated by Rex,ρ(NX) + Rex,ρ(HX), which was shown to be the case under spin 
locking conditions, as defined by Hansen et al [117].  
 48 
 
1.5.4 Calorimetry 
1.5.4.1 Differential Scanning Calorimetry (DSC) 
A differential scanning calorimeter can measure the heat capacity of solvated 
macromolecules by monitoring the difference in power required to gradually raise 
the temperature of a biomolecular solution versus the solvent alone [118]. The 
heat absorbed during endothermic changes, such as partial or complete 
unfolding of a protein or nucleic acid, are detected as heat capacity peaks in 
DSC thermograms, as shown in Figure 1.13. DSC data can be fitted to extract 
the differences in enthalpy (ΔH), entropy (ΔS), and heat capacity (ΔCp) between 
folded, unfolded, and any partly-structured intermediate states [118-120] and can 
yield information on the linkage between folding and additional equilibria, such as 
ionization or ligand binding [121, 122]. The shape of the heat capacity profile for 
a molecule with N+1 thermodynamic states is given by the expression [119, 120]: 
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,                                                                   (1.23) 
where Pi is the relative population of state i according to Boltzmann sampling, Pi 
 exp{ΔGi/(RT)}, and ΔHi, and ΔCp,i are the differences in enthalpy and heat 
capacity of state i relative to a reference state with heat capacity Cp,0. The last 
term of this expression (Cp,tr) is the transition excess heat capacity, which 
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corresponds to the heat required to promote molecules from lower enthalpy to 
higher enthalpy states. The second term, Cp,bl, is equal to the population-
weighted average ΔCp. In the case of simple two-state folding, the observed heat 
capacities at low and high temperature 
 
 
Figure 1.13: . Simulated DSC thermogram.  
Simulated DSC thermogram for a two-state folding protein with melting 
temperature, Tm = 55 °C and ΔH = 130 kcal mol1 (thick line). (i) and (ii) are the 
unfolded and folded heat capacity baselines, respectively, and the population-
weighted average heat capacity, (Cp,0 + Cp,bl), is indicated with a dashed line.  
 
correspond to those of the folded and unfolded states, respectively. The value of 
Cp,bl varies sigmoidally between zero and ΔCp during the unfolding transition, but 
this is obscured by the large Cp,tr peak. 
DSC is sensitive to the presence of partly-structured intermediates. For example, 
if a molecule unfolds in several cooperative steps that are well separated in 
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temperature, DSC thermograms contain several distinct peaks that yield 
information on the individual transitions [119]. Even if the heat signals of 
intermediates largely overlap the major global unfolding peak, their existence 
may be inferred from the shape of the heat capacity profile as follows. The 
unfolding enthalpy of a protein undergoing a two-state reaction may be estimated 
from the value of Cp,tr at the unfolding midpoint, Tm, according to ΔHVH = 
2(RTm2Cp,tr(Tm))½, where ΔHVH is referred to as the van ‘t Hoff enthalpy [120]. 
Alternatively, the area beneath the Cp,tr curve corresponds to the total heat 
absorbed during the transition, and is referred to as the calorimetric enthalpy, 
ΔHcal. ΔHcal ≈ ΔHVH for molecules that fold in a two-state manner. The existence 
of well-populated folding intermediates tends to elevate ΔHcal above the apparent 
ΔHVH. Folding models comprising multiple discreet thermodynamic states can be 
fitted directly to DSC thermograms, according to Eq. (1.23), or related 
expressions [123]. Furthermore, DSC data lend themselves to fits with statistical 
mechanical models comprising large arrays of independently forming and melting 
interactions [120] or continuous distributions of partly-folded states [124]. Recent 
studies have used a statistical mechanical analysis of DSC data to estimate the 
distribution of enthalpies present within protein conformational ensembles [124], 
and have shed light on the microscopic origin of protein stability and heat 
capacity. 
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Farber, P.J. and A. Mittermaier, Side chain burial and hydrophobic core packing 
in protein folding transition states. Protein Sci, 2008. 17(4): p. 644-51. 
These results have been reproduced with permission from Protein Science 
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2.1. Abstract 
A critical step in the folding pathway of globular proteins is the formation of a 
tightly packed hydrophobic core. Several mutational studies have addressed the 
question of whether tight packing interactions are present during the rate-limiting 
step of folding. In some of these investigations, substituted side chains have 
been assumed to form native-like interactions in the transition state when the 
folding rates of mutant proteins correlate with their native-state stabilities. 
Alternatively, it has been argued that side chains participate in nonspecific 
hydrophobic collapse when the folding rates of mutant proteins correlate with 
side-chain hydrophobicity. In a reanalysis of published data, we have found that 
folding rates often correlate similarly well, or poorly, with both native-state 
stability and side-chain hydrophobicity, and it is therefore not possible to select 
an appropriate transition state model based on these one-parameter correlations. 
We show that this ambiguity can be resolved using a two-parameter model in 
which side chain burial and the formation of all other native-like interactions can 
occur asynchronously. Notably, the model agrees well with experimental data, 
even for positions where the one-parameter correlations are poor. We find that 
many side chains experience a previously unrecognized type of transition state 
environment in which specific, native-like interactions are formed, but 
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hydrophobic burial dominates. Implications of these results to the design and 
analysis of protein folding studies are discussed.  
 
2.2. Introduction  
Proteins that fold with two-state kinetics are widely studied as model systems for 
the folding process. Although these molecules adopt their native conformations 
without the detectable accumulation of partly structured intermediates, 
information on the rate-determining steps during the reaction can be obtained by 
comparing the effects of mutations on folding kinetics and native-state stability. In 
a typical analysis, a parameter Φ is calculated for each mutation [1] according to 
 ln lnmut wtF F
N
RT k k
G
  
        (2.1) 
where kFwt and kFmut  are the folding rates of the wild-type and mutant proteins and 
GN is the change in the stability of the native state caused by the mutation,  
mut wt
N U N U NG G G     .         (2.2) 
If it is assumed that protein folding follows Arrhenius kinetics with a mutation-
independent prefactor, then the numerator in Equation (2.1) is equal to the 
change in the stability of the transition state,  
  ln lnmut wt mut wtT U U F FG G G RT k k        .     
 (2.3) 
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Mutations of side chains that are unstructured in the transition state produce Φ 
values of 0, while mutations of side chains that are natively structured in the 
transition state produce Φ values of 1. Intermediate values of Φ are obtained 
when interactions are only partially formed in the transition state or when folding 
proceeds through parallel transition states of which only a subset contain native-
like interactions [1]. Discrimination between single and parallel pathways can be 
achieved with Brønsted analyses, in which changes in transition-state stability, 
GT, are plotted  as a function of changes in native stability, GN, for multiple 
mutations [2]. These plots can also provide evidence for the existence of native-
like interactions in the transition state: When GT depends linearly on GN; 
T NG G  ,           (2.4) 
Φ is taken as the fraction of native contacts formed in transition state of a unique 
folding pathway [2].  
 Φ value analysis has been used to investigate whether the tightly packed 
hydrophobic core characteristic of native globular proteins is formed in the 
transition state or at some later point in the folding process. In some cases, 
Brønsted analyses suggest that native-like hydrophobic core packing is present 
in the transition state. For example, in the chymotrypsin inhibitor CI2, folding data 
for multiple mutations at three buried positions in the "minicore" region of the 
protein produce a linear Brønsted plot with a slope of 0.3 [3]. This suggests that 
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within the transition state, all minicore side chains experience interactions similar 
to those present in the folded state, but weakened by two-thirds, on average. 
Recently, a different relationship has been reported for the folding rates of 
hydrophobic core mutants. GT values obtained for multiple substitutions at 
individual positions in the N-terminal domain of ribosomal protein L9 (NTL9) and 
the SH3 domain from the Fyn tyrosine kinase (FYN) correlate with changes in 
side-chain hydrophobicity, such that  
T HG G ,          (2.5) 
where GH is the change in side-chain hydrophobicity as calculated from 
experimental or theoretical water/octanol transfer free energies, GH = ΔG transfermut - 
ΔG transferwt, and η is a position-specific constant of proportionality [4, 5]. The 
implication is that side chains at these positions do not form specific native-like 
interactions in the transition state and instead influence transition-state stability 
purely through hydrophobic burial. Larger, more hydrophobic side chains provide 
greater transition-state stability and faster folding rates without the specific shape 
requirements that characterize packing in the folded state [4].  
 If folding data agree with Equation (2.4) but not with Equation (2.5), it is 
possible to conclude that a position is involved in a subset of native-like 
interactions or, conversely, in nonspecific hydrophobic collapse in the transition 
state. However, in most cases, GT values correlate with both GN and GH, so it is 
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not possible to unambiguously assign a core position to either of the two models. 
This is perhaps not surprising, since core mutations that reduce side-chain 
hydrophobicity also tend to destabilize the native state. Another issue in 
interpreting the folding rates of hydrophobic core mutants is that correlations 
between GT and both GH and GN values can be quite poor. One hypothesis is that 
disruptive mutations have perturbed the structure of the transition state such that 
the folding pathways of the wild-type and mutant proteins are significantly 
different [5]. As described below, we offer an alternative explanation.  
 We have investigated a model in which shape-specific, native-like 
interactions are present at the rate-limiting step of folding, but do not necessarily 
form simultaneously with side chain burial. Taking an approach similar to one 
used by Dill and coworkers to investigate α-helix formation in transition states [6], 
we fit data from multiple mutations at individual hydrophobic core positions in 
CI2, NTL9, and FYN to an equation that accounts for both native-like interactions 
and the additional hydrophobic collapse,  
T N N H HG G G            (2.6) 
The first term corresponds to both hydrophobic burial and specific packing 
interactions that are shared by the native and transition states. The second term 
accounts for additional, i.e., nonnative, contributions of hydrophobic burial to the 
stability of the transition state. The changes in the stabilities of the native and 
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transition states for each mutant, GN and GT, were taken from published 
experimental data, and the changes in side-chain hydrophobicity, GH, were 
calculated based on experimental or theoretical octanol/water transfer free 
energies  [7, 8]. Using Equation (2.6), the separate contributions of native-like 
interactions and additional hydrophobic collapse to the stability of the transition 
state can be evaluated individually in the form of χN and χH parameters. In this 
way it is possible to unambiguously determine whether native-like core 
interactions are present at the rate-limiting step of folding. Furthermore, we show 
that the weakness of correlations between GT and GN observed for some 
positions is not due to significant disruption of the folding pathway. The 
experimental data are well fit by Equation (2.6), suggesting that all mutants at 
these positions fold via similar pathways with similar rate-limiting steps at which 
side chain burial and the formation of native-like interactions play separate but 
important roles.  
 
2.3. Theory  
The parameters χN and χH provide specific information regarding transition state 
interactions for the side chain at a given position in the primary amino acid 
sequence. In cases where the position is fully solvent exposed in the unfolded 
state and fully buried in the native state, the sum (χN + χH) corresponds 
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approximately to the extent of side chain burial in the transition state. Even when 
the position is not fully buried and exposed in the folded and unfolded states, 
respectively, non zero values of χH arise only when side chain burial is 
asynchronous with the formation of native-like packing interactions. This follows 
from a consideration of the change in native-state stability resulting from a 
hydrophobic core mutation, GN, which may be separated into two components, 
N reorg burialG G G           (2.7) 
Gburial  refers to the contribution of changes in side-chain hydrophobicity to the 
stabilization or destabilization of the native state and Greorg contains all other 
contributions to GN, including changes in side chain packing, geometric strain, 
hydrogen and electrostatic bonding, and conformational entropy in both the 
native and unfolded states [9, 10]. When a position is fully exposed in the 
unfolded state and fully buried in the folded state Gburial = GH, and  
 T N reorg N H HG G G            (2.8) 
The parameter χN can be interpreted qualitatively as the fraction of the specific, 
native interactions contributing to Greorg that are formed in the transition state, 
including both local and long-range effects, while  (χN + χH) can be interpreted as 
the fractional burial of the side chain in the transition state.  
 Even in cases where a position is partially solvent exposed in the folded 
state or partially buried in the unfolded state, the parameter χH  still provides clear 
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information about the structure of the transition state. The fraction of the change 
in native state stability that is due to changes in hydrophobic desolvation is given 
by 
hyd burial
N
N
Gf
G

          (2.9) 
where Gburial may be less than or equal to GH. Combining Equations (2.6) and 
(2.7), the fraction of GT due to hydrophobic burial is given by 
hyd N burial H H
T
N N H H
G Gf
G G
 
 
  .        (2.10) 
When χH  > 0, nonspecific hydrophobic interactions play a proportionally larger 
role in the transition state than they do in the native state and fThyd > fNhyd, 
regardless of the solvent exposure of the position in the folded and unfolded 
states.  
 
2.4. Results 
We have analyzed data for three proteins that fold with two-state kinetics and 
where at least one hydrophobic core position has been substituted with four or 
more different amino acids: the chymotrypsin inhibitor 2 (CI2) (one position) [3], 
the N-terminal domain of ribosomal protein L9 (NTL9) (four positions) [4], and the 
SH3 domain from the Fyn tyrosine kinase (FYN) (six positions) [5, 11]. The one 
position in CI2 examined (Ile30) does not participate in the main hydrophobic 
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core; however, it is largely buried in the protein interior and contacts several core 
residues [3]; therefore we believe that data for this position are suitable for the 
two-parameter analysis. For each position, we fit the parameters χN and χH to the 
set of changes in the native-state stability, GN, transition-state stability, GT, and 
amino acid water/octanol transfer free energy, GH, using Equation (2.6) and two-
parameter linear regression through the origin. Values of χN, χH, and (χN + χH) are 
listed in Table 1, together with 90% confidence intervals computed using a Monte 
Carlo approach [12]. When the 90% confidence interval does not include zero, 
the value of χN, χH, or (χN + χH) is considered to be statistically significant.  
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Table 2.1: Two-Parameter Fits of Folding Kinetics 
aNumber of mutants analyzed 
bPearson correlation coefficient for GT  and GN 
cPearson correlation coefficient for GT and GH. 
dDependence of changes in transition state free energy on changes in native state stability from 
fits of Equation 2.6. The 90% confidence interval is given in parentheses.  
eDependence of changes in transition state free energy on changes in side chain hydrophobicity 
from fits of Equation 2.6. The 90% confidence interval is given in parentheses. 
fFractional burial in the transition state for a position that is 0% buried in the unfolded state and 
100% buried in the native state. The 90% confidence interval is given in parentheses.  
gFractional burial of wild-type amino acid in the native state calculated using the MOLMOL 
software package [13] and structures for CI2 [3CI2 [14]], NTL9 [1DIV [15]], and FYN [1SHF [16]]. 
  
 
 
 
 
 
Protein Position na rTNb rTHc χNd χHe χN+χHf burialg 
CI2 I30 4 0.97 0.94 0.20 (0.12,0.27) 0.13 (0.06,0.20) 0.33 (0.30,0.36) 0.78 
NTL9 V3 5 0.01 0.95 -0.02 (-0.12,0.07) 0.80 (0.56,1.04) 0.78 (0.53,1.03) 1.00 
 I4 4 0.97 0.95 0.19 (0.04,0.34) 0.24 (0.10,0.39) 0.43 (0.35,0.51) 0.98 
 L6 5 0.99 0.97 0.16 (-0.07,0.38) 0.14 (-0.17,0.44) 0.29 (0.19,0.40) 0.78 
 V21 4 0.86 0.95 0.03 (-0.05,0.12) 0.39 (0.24,0.55) 0.43 (0.29,0.57) 0.97 
FYN F4 4 0.70 0.80 0.12 (0.09,0.16) 0.09 (0.05,0.12) 0.21 (0.18,0.23) 0.91 
 F20 4 0.78 0.89 -0.13 (-0.30,0.05) 0.35 (0.11,0.59) 0.23 (0.14,0.31) 0.99 
 I28 5 0.89 0.83 0.38 (0.31,0.46) 0.39 (0.28,0.51) 0.78 (0.71,0.85) 0.92 
 A39 5 0.76 0.58 0.61 (0.41,0.82) 0.58 (0.29,0.87) 1.19 (0.76,1.63) 1.00 
 I50 4 0.39 0.90 0.05 (-0.06,0.16) 0.46 (0.23,0.69) 0.51 (0.33,0.70) 1.00 
 V55 8 0.85 0.55 0.07 (-0.02,0.16) 0.00 (-0.15,0.16) 0.07 (-0.03,0.17) 0.96 
 75 
The motivation for this analysis was to extract information on side chain 
interactions at the rate-limiting step of folding, particularly in cases where it has 
not been possible to firmly establish whether specific, native-like interactions are 
present in the transition state. This is true for most positions used in this study. 
Pearson correlation coefficients between GT and GN, rTN, and between GT and GH, 
rTH, listed in Table 2.1, are both much larger than zero in most cases, and it is not 
possible to unequivocally select either Equation (2.4) or (2.5) as an appropriate 
model. For example, mutations of Ile28 in FYN produce rTN  and rTH values of 0.89 
and 0.83, respectively, and plots of GT versus GN and GH, shown in Figure 2.1 
A,B are qualitatively similar. The GT values correlate to some extent with both GN 
and GH, although deviations from the linear fits are much greater than the 
uncertainties in GT. Significantly better agreement is obtained when χN and χH 
values are extracted from linear regression using Equation (2.6) and used to 
back-calculate GT, as shown in Figure 2.1C. 
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Figure 2.1: Plots of expTG  as functions of GN, GH, calcTG for mutations of Ile28 and 
Ala 39 in the FYN SH3 domain.  
Experimentally determined changes in transition-state free energies GTexp, plotted 
as a function of changes in native state stability, GN  (A,D), side chain 
hydrophobicity, GH (B,E) and back calculated values computed using Equation 
(2.11), GTcalc (C,F) for mutations of Ile28 (A,B,C) and Ala39 (D,E,F) in the FYN 
SH3 domain. Equations for the lines in A, B, D, and E were obtained by one-
parameter linear regression through the origin. Lines in C and F have a slope of 
1 and a y-intercept of 0. Error bars corresponding to the experimental 
uncertainties are smaller than the symbols shown.  
 
Mutations of FYN Ala 39 produce much lower values of the correlation 
coefficients rTN and rTH (0.76 and 0.58) and Φ values range from -0.06 for A39F 
to 0.86 for A39G. Plots of GT versus GN, shown in Figure 2.1D, and GT versus GH, 
shown in Figure 2.1E, are not linear. Even in this case, fits using Equation (2.6)
are able to closely reproduce experimental GT values, as shown in Figure 2.1F. 
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Notably, most of the Ala39 mutations were excluded from the original analysis, 
due to concerns that such disruptive, volume increasing mutations could perturb 
the folding pathway [5]. The good agreement obtained using the two-parameter 
model suggests that all Ala39 mutants fold with similar mechanisms, passing 
through similar transition states. Overall, Equation (2.6) provides significant 
improvements in fit over Equations (2.4) and (2.5) for mutational data from C12 
Ile30, NTL9 Ile4, and FYN Phe4, Ile28, and Ala39.  
 When the analysis is extended to the 11 positions considered in this study, 
a high level of agreement is obtained; considering all 59 mutations, the root-
mean-squared-deviation (RMSD) between back-calculated and experimental GT 
values is 0.16 kcal/mol. In addition, we performed leave-one-out cross-validation 
(LOOCV) on a per-position basis to test the predictive ability of χN and χH. Data 
for each mutation was systematically removed to produce a validation data set, 
and two-parameter fitting was applied to the remaining n - 1 data points. Values 
of χN and χH thus obtained were used to predict the validation data set. The 
experimental and predicted validation data sets were in good agreement, with an 
overall correlation coefficient of 0.83 and an RMSD of 0.33 kcal/mol. This 
confirms that Equation (2.6) is applicable to a wide array of mutations at different 
hydrophobic core positions in a variety of proteins. More importantly, it shows 
that the environments of hydrophobic core side chains in the transition state can 
 78 
be well described by just two parameters: one that depends only on the degree 
of hydrophobic burial and another that depends on the formation of all other 
native-like interactions.  
Notably, values of χH for all positions considered, with the exception of 
NTL9 Leu6 and FYN Val55, are significantly larger than zero. This implies that for 
essentially all positions considered here, the process of nonspecific hydrophobic 
collapse is more complete in the transition state than is the formation of native 
interactions. This result agrees with the nucleation-condensation model of protein 
folding in which the transition state is relatively compact even as native 
interactions are still in the process of being consolidated [17]. In the cases where 
χN is not significantly greater than zero, data may be adequately fit by Equation 
(2.5), and contributions to transition-state stability are due primarily to nonspecific 
hydrophobic collapse. In contrast, when both χH and χN are significantly greater 
than zero, as is seen for five positions, the two-parameter model predicts that 
side chains participate in both specific native-like interactions and additional 
nonspecific hydrophobic collapse. Notably, this analysis shows that the 
interactions of a single side chain in the transition state often comprise a mixture 
of specific packing and nonspecific burial. Such mixed-mode interactions at the 
individual side chain level have not been previously considered in the 
interpretation of protein folding data.  
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The two-parameter analysis also provides an estimate of total side chain 
burial, via the sum (χH + χN). Three positions, NTL9 Val3 and FYN Ile28, Ala39 
are highly buried, with (χH + χN) = 0.78, 0.78 and 1.19, respectively. The burial of 
NTL9 Val3 is primarily due to nonspecific collapse, since χN is essentially zero for 
this position, while for FYN Ile28 and Ala39, χN = 0.38 and 0.61, implying that 
significant native-like interactions are made in the transition state. Note that the 
value of (χH + χN) = 1.19 obtained for A39 does not differ significantly from the 
maximum expected value of (χH + χN) = 1.0, since 1.0 lies within the 90% 
confidence region calculated for this parameter and reported in Table 2.1.  
There are two hydrophobic core positions for which neither χN nor χH is 
statistically significant. In the case of FYN Val55, a detailed analysis has shown 
that hydrophobic and hydrophilic substitutions produce quite different effects on 
the folding rate through a mechanism that is not well understood [11]. It is 
therefore expected that GT values would not correlate strongly with either GN or 
GH. For NTL9 Leu6, the sum (χH + χN) is significantly larger than zero, implying 
that this position is partially buried, although neither χH nor χN is statistically 
significant on its own. This anomalous behavior is largely due to multi-collinearity 
of the native-state stability and side-chain hydrophobicity for this position. The 
correlation coefficient between GN and GH is 0.95 and the regression line passes 
nearly through the origin. Data for Leu6 agree with Equations (2.4), (2.5), and 
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(2.6) to such an extent that it is not possible to discriminate specific from 
nonspecifc interactions in this case, although it is clear from (χH + χN) that 
contacts are formed by Leu6 in the transition state (see supplemental material).  
 
2.5. Discussion 
We have analyzed protein folding data using a two-parameter model that relates 
changes in the folding rates to both changes in native-state stability and changes 
in side-chain hydrophobicity. This method provides information on the structure 
of the transition state that is not available from single-factor analyses of protein 
folding data. Based on correlations between folding rates and side-chain 
hydrophobicity, it had been proposed that side chains at a number of 
hydrophobic core positions in NTL9 and FYN contribute to the stability of the 
transition state purely via the hydrophobic effect in a non-shape-specific manner 
[4, 5]. However, for several of these positions (NTL9 Ile4, Leu6; FYN Phe4, Phe 
20) non-negligible correlations also exist between folding rates and native-state 
stability, which suggests that some native-like interactions could be present in the 
transition state as well. Similarly, several mutations at positions believed to be 
partially natively structured in the transition states [3, 5] produce folding rates that 
correlate with side chain hydrophobicity (CI2 Ile30; FNY Ile28, Ala39, Ile50), 
raising the possibility that nonspecific hydrophobic collapse could play a 
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dominant role. The two parameter model resolves these ambiguities by 
effectively factoring out the effects of changes in side-chain hydrophobicity, GH, 
and testing whether the dependence of GT on GN remains. In some cases, there 
is no significant correlation between GT and GN, once the dependence of GT on 
GH is taken into account. This provides a much stronger argument for the 
absence of shape-specific, native-like contacts in the transition state than simply 
a correlation between GT and GH. In other cases, GT values show a significant 
dependence on GN (χN > 0), even after factoring out the influence of GH, which 
clearly demonstrates that specific, native-like interactions are present in the 
transition state.   
 These results shed additional light on the folding mechanisms of proteins 
studied here. For example, the good agreement between GT and GH values NTL9 
suggested that the transition state of this molecule is stabilized entirely by 
nonspecific hydrophobic collapse, with all other native-like interactions formed 
later in the folding process [4]. The two-parameter fits employed here agree with 
the conclusion to some extent. Val3 and Val21 have significant χH values, 
indicative of non-specific hydrophobic collapse, and non significant values of χN, 
implying that side chains at these positions lack specific contacts in the transition 
state. However, χN is significantly greater than zero for Ile4, which suggests that it 
participates in specific, native-like contacts at the rate-limiting step of folding. 
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These interactions could potentially involve Leu6. This position is immediately 
adjacent in the native structure, as shown in Figure 2.2A, and may or may not be 
involved in specific interactions, as discussed above. Thus at the rate-limiting 
step of folding, the NTL9 hydrophobic core contains a few specific interactions 
involving Ile4 that are stabilized by extensive nonspecific collapse.  
 
 
Figure 2.2:Structures of L9 and the FYN SH3 domain 
 Structures of (A) the N-terminal domain of ribosomal protein L9  
(NTL9: PDB accession code 1DIV) [15] and (B) the SH3 domain from the Fyn 
tyrosine kinase (FYN: PDB accession code 1SHF) [14] generated using the 
MOLMOL software package [13]. Side chains participating in specific native-like 
interactions in the transition state (χN > 0) are colored orange. Side chains 
participating purely in nonspecific hydrophobic collapse (χH > 0, χN ≈0) are colored 
blue.  
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In the case of FYN, the original interpretation of the kinetic data suggested that 
the transition state contains a core folding nucleus comprising positions Ile28, 
Ala39, and Ile50, surrounded by a loosely packed region encompassing Phe4, 
Ala6, Leu18, Phe20, and Phe26 [5]. The two-parameter analysis is in partial 
agreement with this model. Ile28 and Ala39 have the largest χN values of all 
positions considered here, reflecting their participation in native-like contacts 
within the FYN transition state. However, in contrast with the previous model, we 
have shown that the formation of native-like contacts lags behind the 
hydrophobic burial for side chains at these positions. Within the loosely packed 
region, only positions 4 and 20 have data for four or more mutations. χN is not 
significant for Phe20, indicating a near absence of specific contacts, while χH is 
significantly larger than zero. Together, these parameters are consistent with 
purely nonspecific hydrophobic collapse. Data for Phe4 produce a value of χN = 
0.12 that is much lower than Ile28 and Ala39 yet significantly larger than zero, 
implying the side chain at this position is involved in weak, native-like interactions 
in the transition state. Ile50 was originally included in the core folding nucleus 
due to the large changes in folding rates caused by mutations at this position. 
However GT values show a much stronger dependence on GH (rTH = 0.90) than 
on GN (rTH = 0.39), and χH is significantly larger than zero while χN is not. This 
suggests that Ile50 participates in nonspecific hydrophobic collapse but does not 
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form native-like interactions in the transition state. Estimates of side chain burial 
on (χN + χH) values show that although the interactions of Ile50 are non-specific, it 
is more deeply buried at the rate-limiting step of folding than is Phe4, whose 
weak interactions have more native character. Thus, hydrophobic core 
interactions in the FYN transition state involve asynchronous formation of native 
contacts and side chain burial. The adjacent positions, Ala39 and Ile28 shown in 
Figure 2.2B, are both deeply buried and involved in specific interactions. Ile50 is 
significantly buried but does not participate in specific interactions that impose 
strong steric constraints, whereas Phe4 is more solvent exposed, but forms 
weak, native-like contacts.  
 These results have implications for the design and analysis of protein-
folding experiments and highlight the detailed information that can be obtained by 
performing multiple substitutions at individual positions [4, 5, 11, 18, 19]. 
Disruptive mutations are typically avoided in Φ value analysis because of 
concerns that these changes may alter the folding pathway [17]. We have found 
that just two parameters can account for the effects of multiple mutations on 
protein folding rates. Many of the mutations considered in the analysis are 
disruptive, since they increase side chain volume or introduce polar groups at 
buried positions. The agreement of these folding data with the two-parameter fits 
suggests that transition state structures are quite robust with respect to amino 
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acid sequence changes; therefore a wide range of substitutions can be used in 
folding studies. In fact, disruptive mutations of the hydrophobicity- and volume-
increasing type can yield useful information on the interactions of core side 
chains in the transition state, since they will tend to decrease folding rates at 
positions that are specifically packed and increase folding rates at positions that 
are nonspecifically buried. In fact, if only a single mutation is made at a 
hydrophobic core position, then one that increases side chain volume may be 
preferable, due to potential for discriminating specific from nonspecific 
interactions. Care must be taken when interpreting Φ values obtained from such 
disruptive muations, since they are more qualitative indicators of the ability of the 
transition state as a whole to accomodate a different side chain than they are 
quantitative measures of the number of side chain contacts. Nevertheless, they 
can provide useful information on whether a side chain is specifically packed in 
the protein folding transition state.  
 In conclusion, we have shown that folding kinetic data for multiple 
mutations at individual hydrophobic core positions can be well accounted for by 
two parameters describing the dependence of transition state stability on the 
destabilization of the native state and the difference in water/octanol transfer free 
energies between the wild-type and mutant side chains. These parameters can 
be interpreted in terms of the formation of the native-like structure and additional 
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hydrophobic collapse on a per-site basis. The analysis shows that the process of 
nonspecific burial is generally further progressed than the formation of specific 
interactions in the transition state, although some native-like contacts are present 
at the rate limiting step of folding in all three proteins considered here. We find 
that the folding transition states examined in this study are fairly tolerant of 
disruptive mutations, and argue that such substitutions can provide important 
information regarding side chain interactions in the transition state. The two-
parameter fits reported here represent a general approach for interpreting folding 
data for multiple mutations at hydrophobic core positions and provide more 
detailed information on the structure of the transition state than do existing 
methods.  
 
2.6. Materials and Methods 
We analyzed protein folding data for three proteins in which four or more 
mutations were made at individual hydrophobic core positions: chymotrypsin 
inhibitor 2 (CI2) [I30V,A,G,T], the N-terminal domain of ribosomal protein L9 from 
Bacillus stearothermophilus (NTL9) [V3I,L,Tle,Abu,A; I4Nva,V,Abu,A; 
L6I,Nva,V,Abu,A; and V21I,L,Abu,A], and the SH3 domain from the Fyn tyrosine 
kinase (FYN) [F4S,A,V,l; F20S,A,V,L; I28S,A,V,L,F; A39S,V,L,F,G; I50A,V,L,F; 
V55F,L,W,M,A,H,T,G,S]. In the case of NTL9, both naturally and non-naturally 
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occuring amino acids were employed. The abbreviations Tle, Abu, and Nva refer 
to tert-leucine, amino-butryic acid, and norvaline, respectively. For CI2, GT and 
GN were taken from the tabulated folding data of Itzhaki et al [3]. NTL9 data were 
taken from Anil et al [4]. FYN Val55 data were taken from de los Rios et al [11], 
while data for all other FYN positions were taken from Northey et al [5]. Only 
positions with greater than 75% burial, as calculated using MOLMOL [13], were 
considered. For FYN and CI2, GH values were calculated using water/octanol 
transfer free energy scale of Fauchere and Pliska [8]. The non-naturally occurring 
amino acids employed in some NTL9 variants are not included in this scale; 
therefore, all GH values for this protein were obtained from calculations based on 
N-acetyl amino acid amides using software from ChemAxon.   
 The change in transition-state free energy for a substitution to amino acid i 
was equated to the change in native-state stability and change in hydrophobicity 
produced by the mutation according to 
     calcT N N H Hi iiG G G   ,        (2.11)  
where 
   
          ln ln ln ln
mut wt
N U N U Ni i
mut mut wt wt
F U F Ui i
G G G
RT k k k k
   
         (2.12) 
 mutF ik  and  mutU ik  are the folding and unfolding rates of the mutant protein, wtFk  
and wtUk  are the folding and unfolding rates of the wild-type protein, and (GH)i is 
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the octanol to water transfer free energy of the wild-type side chain subtracted 
from the octanol to water transfer free energy of the substituted side chain i. The 
parameters χN and χH were obtained for each hydrophobic core position by linear 
regression through the origin [20],  
  1A  A A  BN
H


      ,        (2.13)  
 
   
   
 
 
exp
11 1
exp
A ,B
T iN Hi i
N Hi n i n T i n
GG G
G G G
 
  
                
  
,       (2.14)  
where the subscript i runs from 1 to n, the number of mutations made at a given 
position, and  expT iG is the experimentally observed change in transition-state free 
energy produced by mutation i, calculated according to Equation (2.3). 
Confidence intervals for χN and χH were estimated from Monte Carlo simulations 
in which linear regression through the origin was repeated on samples 
randomized according to the uncertainty in expTG values [12]. One hundred 
thousand repetitions were performed for each position, where for iteration j, 
 
 
 
, 11
1
,
A A A
calc
T j ii
N
H calc
T j i ni n
G
G

 
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

              

 ,       (2.15) 
and ,j i  is drawn randomly from a normal distribution with a mean of zero and a 
standard deviation equal to the uncertainty in  expT iG . The 90% confidence region 
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was taken to be the interval with 5% of iterations lying above the upper bound 
and 5% of the iterations lying below the lower bound. Uncertainties in  expT iG  
values, σi, were set equal to the reported experimental error or calculated from 
residuals to the best fit regression line according to 
 
    2exp
1
2
n
calc
T Ti i
i
i
G G
n
 

 

,        (2.16) 
selecting the larger of the two estimates for each mutation. All calculations were 
performed using the MATLAB software package.  
 
2.7. Supplemental Material 
Separate plots of expTG  as functions of GN, GH, calcTG  for all 11 hydrophobic core 
positions included in the analysis are included in this supplemental material.  
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Figure S2.1: Plots of expTG  as functions of GN, GH, calcTG  for all 11 hydrophobic core 
positions included in the analysis 
Experimentally determined changes in transition state free energies, expTG , plotted 
as a function of changes in native state stability, GN (first column), side chain 
hydrophobicity, GH (second column, and back-calculated changes in transition-
state free energy calcTG computed using Equation 2.12 and the values in Table 2.1 
(third column). Error bars correspond to experimental uncertainties.  
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3.0. Preface. 
In Chapter 2, we investigated the relative importance of both native-like 
interactions and non-specific hydrophobic burial through detailed analysis of Φ-
values. One major assumption that is made in order to perform Φ-value analysis 
is that the protein folds in a two-state, cooperative manner. In small, marginally 
stable proteins, it is often very difficult to distinguish between a cooperative 
folding transition, and a non-cooperative, "downhill" folding transition.  
Chapter 3 of this Thesis directly addresses this issue experimentally, 
through a combination of NMR spectroscopy and Differential Scanning 
Calorimetry (DSC). We conclusively show that the pre-B cell leukemia 
transcription factor (PBX) folds in a two-state manner, and provide a more 
general methodology for the disambiguation of folding models.    
By nature, biophysical research is a collaborative effort. A multitude of 
techniques are often required in order to solve a complex biophysical problem 
such as this one.  As such, this Chapter contains work performed by myself, as 
well as significant contributions from another member of my group, Mr. Hariyanto 
Darmawan. Mr. Darmawan performed all of the DSC measurements and DSC 
data analysis. Dr. Tara Sprules provided the assignment of PBX.  
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3.1. Abstract. 
 Some marginally stable proteins undergo microsecond-timescale folding 
reactions that involve significant populations of partly-ordered forms, making it 
difficult to discern individual steps in their folding pathways. It has been 
suggested that many of these proteins fold non-cooperatively, with no significant 
barriers to separate the energy landscape into distinct thermodynamic states. 
Here we present an approach for studying the cooperativity of rapid protein 
folding with a combination of differential scanning calorimetry (DSC), Nuclear 
magnetic resonance (NMR) relaxation dispersion experiments, and an analysis 
of the temperature dependence of amide 1H and 15N chemical shifts. We applied 
this method to the PBX homeodomain (PBX-HD), which folds on the 
microsecond timescale and produces a broad DSC thermogram with an elevated 
and steeply sloping native-state heat capacity baseline, making it a candidate for 
barrierless folding. However, by globally fitting the NMR thermal melt and DSC 
data, and by comparing these results to those obtained from the NMR relaxation 
dispersion experiments, we show that the native form of the protein undergoes 
two-state exchange with a small population of the thermally-denatured form, well 
below the melting temperature. This result directly demonstrates the coexistence 
of distinct folded and unfolded forms, and firmly establishes that folding of PBX-
HD is cooperative. Further, we see evidence of large-scale structural and 
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dynamical changes within the native state by NMR, which helps to explain the 
broad and shallow DSC profile. This study illustrates the potential of combining 
calorimetry with NMR dynamics experiments to dissect mechanisms of protein 
folding. 
3.2. Introduction 
Protein folding has traditionally been modeled as a chemical kinetic process 
involving cooperative transitions between discrete states that are separated by 
energy barriers [1, 2]. However, it has recently been proposed that some fast-
folding, marginally stable proteins fold in the absence of significant (>kT) energy 
barriers under all conditions, leading to essentially noncooperative accretion of 
structure [3-5]. In this model, referred to here as downhill folding, the energy 
landscape contains a single minimum that gradually shifts from a narrow, native-
like well to a broad, unfolded-like basin as the protein is destabilized by 
temperature or denaturants. The cooperative and downhill descriptions of protein 
folding are quite different and it is therefore of great interest to establish 
experimentally whether or not specific fast-folding proteins undergo cooperative 
folding. This has proven to be quite challenging. The downhill model can produce 
exponential folding kinetics and sigmoidal equilibrium unfolding curves, which are 
characteristic of cooperative two-state folding [6, 7]. Conversely, cooperative 
transitions among multiple states can produce multi-exponential folding kinetics 
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and equilibrium unfolding behaviour that clearly deviates from a simple two-state 
model [8]. Here we show that Differential Scanning Calorimetry (DSC) combined 
with Nuclear Magnetic Resonance (NMR) relaxation dispersion and thermal melt 
experiments can establish the existence of folding energy barriers and provide 
site-specific information on temperature-dependent changes in the structure and 
dynamics of exchanging states. 
NMR thermal melts, which comprise chemical shifts measured as a 
function of temperature, give an “atom-by-atom” description of the folding 
process [5]. DSC measurements directly detect the heat absorbed during 
denaturation [9]. NMR relaxation dispersion experiments quantify rapid motions 
on the ms to μs timescale, provide site-specific spectroscopic (chemical shift) 
information on weakly-populated states, and are sensitive to the presence of 
folding intermediates [10, 11]. We used these methods to study the folding 
reaction of the homeodomain from the human transcription factor PBX (PBX-
HD). Homeodomains are small DNA-binding proteins that are found throughout 
eukaryotic organisms [12]. The native structure of PBX-HD has been solved by 
NMR spectroscopy and is typical of homeodomains, comprising three alpha 
helices and a well-packed hydrophobic core [13]. PBX-HD folds on the μs 
timescale and undergoes gradual thermal denaturation characteristic of multiple 
conformational transitions. Using a combination of global fitting and cross-
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validation of the spectroscopic and calorimetric datasets, we show that PBX-HD 
folds cooperatively from a denatured state with residual structure to a native state 
that gradually changes conformation and flexibility as the temperature is raised. 
The implications for downhill folding are discussed. 
 
 
Figure 3.1: Residues with doubled peaks in 1H/15N correlation spectra of PBX-HD 
 (a) Ribbon structure of PBX-HD [13]. Red spheres indicate the locations of 
residues with doubled peaks in 1H/15N correlation spectra. All doubled peaks 
exhibit sigmoidal chemical shift temperature dependences in either one or both 
dimensions. (b) Regions of PBX-HD 1H/15N correlation spectra collected at 
temperatures between 47.5 and 60 ºC. Major and minor peaks of Leu31 are 
coloured black, while those of other residues are coloured grey. 
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3.3. Results 
3.3.1. NMR Thermal Melts. 
Two dimensional 15N/1H correlation spectra were collected for PBX-HD 
between the temperatures of 10 and 65 ºC at intervals of 2.5 ºC. The positions of 
many peaks shift considerably over the temperature range, which is indicative of 
fast timescale exchange between different local environments of the amide 
15N/1H pairs. Each chemical shift corresponds to an ensemble average that 
gradually changes as the relative populations of the interconverting states vary. 
Peak trajectories show either linear temperature profiles or sigmoidal transitions 
near 50 ºC. Residues with sigmoidal trajectories are located throughout the 
protein, as shown in Figure 3.1a, providing a comprehensive view of the folding 
transition. The NMR thermal melts contain an unusual feature that, to our 
knowledge, has not been previously documented. At temperatures slightly below 
the midpoint of the folding transition, a new set of weak peaks appear in NMR 
spectra, as shown for Leu31 in Figure 3.1b. The intensities of the minor peaks 
increase to approximately 30% of the major peak intensities as the temperature 
is raised. At the upper end of the thermal melt, each of the sigmoidally-shifting 
major peaks approaches and ultimately overlaps a minor peak, with only one 
exception as discussed below. We attribute this behavior to cis/trans 
isomerisation of the Tyr28-Pro29 peptide bond. The Tyr28-Pro29 bond is trans in 
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the native protein [13], while Tyr-Pro peptide bonds have been found to populate 
the cis isomer to a level of 21% in studies on small peptides [14]. A similar ratio 
of cis/trans isomers would be expected for the denatured form of PBX-HD. 
Cis/trans proline isomerisation occurs slowly [15], thus the cis-proline denatured 
state is in slow exchange with the other forms of the protein and produces a 
distinct set of minor peaks. In contrast, the native and trans-proline denatured 
states interconvert rapidly, and produce a set of major peaks at the population-
weighted average chemical shifts. At the highest temperatures, the protein is 
completely denatured and the major and minor peaks overlap, since the cis- and 
trans-proline denatured forms have nearly identical chemical shifts. Only the 
Tyr28 major peak does not ultimately overlap a minor peak, likely because its 
proximity to Pro29 causes the chemical shifts of this residue to differ in the cis- 
and trans-proline denatured forms. Slow folding due to proline cis/trans 
isomerisation has also been reported in rapid-mixing and temperature-jump 
studies of homeodomain-like Myb domains [16]. In what follows, proline 
isomerisation is considered to be separate from the main folding mechanism of 
PBX-HD, and all of our conclusions apply to the latter process. 
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3.3.2.  NMR Relaxation dispersion 
15N Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiments [17] 
were used to characterize μs timescale motions in PBX-HD at 10, 15, 20, and 25 
ºC, at 11.7 and 18.8 Tesla spectrometer field strengths (500 and 800 MHz). In 
this method, variable trains of refocusing pulses are applied during a constant 
relaxation period to suppress spectral broadening due to conformational 
exchange [18]. Transverse relaxation rates (R2) were measured as a function of 
the delay between successive refocusing pulses (τcp) as illustrated in Figure 3.2. 
The magnitudes of the dispersion profiles vary as the square of the spectrometer 
field strength (2.6-fold larger at 800MHz compared to 500MHz), which is 
characteristic of fast-timescale exchange [19]. Therefore an equation describing 
rapid two-state folding [20] was fitted to the data according to, 
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  ,   (3.1)  
where kex is the sum of the folding and unfolding rates, kex = kF+kU, R20 is the 
asymptotic value of R2 at high pulse repetition rates, and the parameter Φex is 
given by pNpD(Δω)2. pN and pD are the relative populations of the native and 
denatured states, and Δω is the difference in chemical shift between the two 
forms. Data for all but one residue are compatible with a single, global value of 
kex at each temperature, which suggests that folding can be described as a 
cooperative two-state process. The one outlying residue, Gly44, likely undergoes 
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additional local motions that obscure the global folding reaction. This contrasts 
sharply with Fyn SH3 domain mutants that undergo multi-state folding, and 
produce CPMG data that are incompatible with global two-state models.[10, 21]  
Folding rates were calculated from kex using values of pD obtained 
calorimetrically, as described below. Values of kF vary from kF = 3300  600 s-1 at 
10 ºC to 4100  500 s-1 at 25 ºC. An Arrhenius plot is shown in Figure 3.3a, and 
yields a folding activation energy of 2.8 kcal mol-1. Essentially identical results are 
obtained when the CPMG data at all temperatures are analyzed globally with 
Arrhenius folding kinetics. 
  
Figure 3.2: 15N CPMG relaxation dispersion data for Arg56 in PBX-HD 
 NMR CPMG relaxation dispersion data for the backbone amide 15N of Arg56 in 
PBX-HD collected at 500 (blue, lower) and 800 (red upper) MHz 1H Larmor 
frequencies and 10, 15, 20, and 25 ºC. Lines indicate best-fit curves obtained 
with global values of the exchange rate, kex, according to Equation (3.1).    
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When exchange is in the fast-timescale regime, as is the case for PBX-HD, the 
asymptotic values of R2 at high pulse repetition rates, R20, correspond to the 
population-weighted average transverse relaxation rates of the native and 
denatured states [18, 22]. We find that the denatured state is populated at less 
than 2% for the entire CPMG dataset, therefore R20 values largely reflect motions 
within the native state, with much smaller contributions coming from dynamics in 
the denatured state. Large-amplitude internal motions on the ps timescale lead to 
small R20 values [23]. Conversely, ultra-rapid μs-timescale motions that are slow 
enough to cause broadening (<106 s-1, approximately) but too rapid to be 
suppressed by the CPMG pulse trains employed (>104 s-1, approximately) lead to 
elevated R20 values. Plots of R20 obtained at 18.8 Tesla and at 10 and 25 ºC are 
shown in Figure 3.3b,c. At 10 ºC, the values are fairly homogeneous, which 
suggests that most positions in PBX-HD experience similar internal motions at 
that temperature, although the values are slightly larger than would be expected 
for a protein the size of PBX-HD (see Methods Section). Lower values, indicating 
ps-timescale motions, are obtained near the N-terminus, which is believed to be 
unstructured [13] and at the extreme C-terminus. Higher values, indicating ultra-
rapid μs-timescale dynamics, are obtained immediately after the third helix in a 
region that becomes ordered upon binding DNA [13]. At 25 ºC, these trends are 
maintained. However the R20 values are far more heterogeneous, which suggests 
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that the native form of PBX-HD undergoes an increasingly complex array of rapid 
internal motions as the temperature is raised.  
 
 
Figure 3.3: Arrhenius plot of CPMG-derived folding rates, kF and plots R20 as a 
function of residue 
 (a) Arrhenius plot of CPMG-derived folding rates, kF. The slope of the plot is –
Ea/R, where Ea is the activation energy and R is the ideal gas constant. (b,c) 
Asymptotic values of transverse relaxation rates at high νCPMG, R20, obtained at 10 
and 25 ºC, and 18.8 T (800 MHz 1H Larmor frequency). Dark bars indicate the 
locations of alpha helices as given in Sprules et al. [13]. 
 
3.3.3. Differential Scanning Calorimetry  
DSC data for PBX-HD are plotted in Figure 3.4a and are well fit by a two-state 
folding model with linear heat capacity baselines. However, this analysis predicts 
that the folded and denatured baselines intersect near the midpoint of the 
transition and therefore that the folded state has increasingly greater heat 
capacity than the denatured state, which is physically unrealistic (Supplemental 
Figure S4 in [24]). Protein denaturation is expected to increase the solvent 
exposure of hydrophobic residues, leading to an increase rather than a decrease 
in heat capacity [25]. The intersection of the linear baselines is related to the heat 
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capacity profile at low temperatures, which lies above and is more steeply sloped 
than the baseline expected for a typical protein the size of PBX-HD [26]. For 
example, the average specific heat capacities at 20°C for PBX and a 
representative set of 9 globular proteins [27] are 0.419 and 0.343(0.014) cal K-1 
g-1, respectively, while the corresponding values of  dCp/dT are 6.2910-3 and 
1.4510-3(0.2910-3) cal K-2 g-1, where parentheses indicate the standard 
deviations. This behavior has been observed for other marginally-stable proteins 
and is believed to result from pre-unfolding conformational transitions (that may 
or may not be cooperative), such that endothermic structural melting and 
exposure of hydrophobic surface to the solvent lead to a temperature-dependent 
elevation of the heat capacity [3, 26, 28, 29]. Recent reports have suggested that 
it is possible to identify proteins undergoing downhill folding using DSC data 
alone [7, 30]. When this approach is applied to PBX-HD, it predicts that there is 
no barrier separating the native and denatured states (Supplemental Figures S2 
and S3 in [24]). However, we find that this conclusion is not supported by our 
global analysis of the DSC and NMR data. 
 
3.3.4. Global fits of DSC and NMR thermal melt data  
We analyzed the DSC and NMR thermal melt data simultaneously using a 
global model of protein folding. As discussed above, the DSC thermogram 
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strongly suggests that PBX-HD undergoes endothermic pre-unfolding changes. 
Typically, pre-unfolding transitions are modeled with one or more discrete 
intermediates in the folding pathway [26, 28, 29]. However in this case, we find 
that models with a small number of folding intermediates do not provide 
satisfactory agreement with the combined DSC and NMR dataset, suggesting 
that the number of conformational sub-states involved may be large, as 
discussed in the Supplemental Material of [24]. We have therefore employed a 
phenomenological two-state model in which all folding intermediates are 
effectively subsumed into the native- or denatured-state conformational 
ensembles, whose heat capacity profiles are represented by third-order 
polynomial functions of temperature. This approach provides nearly perfect 
agreement with both DSC and NMR datasets, as shown in Figure 3.4a-c, and 
Supplemental Figure S1. The analysis yields a denaturation mid-point (at which 
50% of the proteins are in the native state) of 46.4±0.3 ºC. At this temperature, 
the differences in enthalpy and entropy between the native and trans-proline 
denatured states are ΔHND = 35±1.4 kcal mol-1 and ΔSND=108±4 cal mol-1 K-1.  
Notably, the curvilinear baselines do not intersect, even though no explicit 
constraints were applied in the calculation to obtain this physically realistic result. 
The NMR thermal melt data provide some indication of the nature of the pre-
unfolding transition. The native-state chemical shifts (δnative) of several residues 
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exhibit strong temperature dependences, indicating that they experience large 
changes in local environment as the temperature is varied. Notably, δnative(15N) 
values of PBX-HD are significantly more sensitive to temperature than are those 
of ubiquitin, which does not undergo a large pre-unfolding transition [31, 32]. The 
temperature dependences of  δnative(1H) values were not examined in detail, since 
these tend to show more natural variability, depending on patterns of hydrogen 
bonding [33]. This work builds on a recent study in which DSC and circular 
dichroism (CD) spectroscopic data were fitted globally [34], and illustrates the 
potential of combined calorimetric and spectroscopic analyses. NMR has much 
to offer in this regard, since it provides many independent probes (nuclei) of the 
folding process. Furthermore, in the case of PBX-HD, the slowly-exchanging cis-
proline unfolded form permits direct detection of denatured-state chemical shifts 
throughout the thermal transition region, facilitating precise analyses of peak 
positions in terms of native- and denatured-state populations. 
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Figure 3.4: PBX-HD DSC data fit to a global folding model 
(a) Experimental PBX-HD DSC data (thick dashed line) and fit to a global folding 
model (thin continuous line). (i), (ii), and (iii) correspond to denatured- and native-
state heat capacity baselines, and a theoretical baseline calculated using set of 
representative globular proteins, respectively. (i) and (ii) were extracted directly in 
the global fit while (iii) was calculated using (0.343 + 0.00145(T-293.15K) cal mol-
1 K-1 g-1) and the molecular mass of PBX-HD, 7438 g mol-1, as described in the 
text. (b,c) NMR thermal melt data for Ala38. Red and blue points correspond to 
the positions of the major and minor peaks, while lines (i) and (ii) are the native- 
and denatured-state chemical shift baselines extracted from the global fit, 
respectively. The red curve indicates the population-weighted average of the two 
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baselines. (d) Temperature dependence of native-state 15N chemical shifts. 
Absolute slopes were obtained by linear regression of data at 10, 12.5, 15, 17.5, 
and 20 ºC and are plotted as a function of residue number. Dark bars indicate the 
locations of alpha helices [13]. The horizontal line indicates the maximum 15N 
slope reported for ubiquitin (17.6 ppb K-1) [31]. 
 
3.3.5. Cross validation of the two state folding model  
Both the CPMG and the NMR thermal melt datasets are related to the 
differences in 15N chemical shift between the native and denatured states. In the 
case of the NMR thermal melts, this relationship is simply the difference between 
the fitted values of δnative and δdenatured, Δδ, (Figure 3.4c), for each residue. For 
CPMG experiments, this relationship is contained in the fitted parameter 
Φex=pNpD(Δω)2 (Equation (3.1)), where Δω is the difference in chemical shift 
between the native and denatured states. If the broadening in NMR spectra is 
due to cooperative exchange between the native and denatured states, then 
plots of Φex versus (Δδ)2 should be linear with a slopes of pNpD. As shown in 
Figure 3.5, this is indeed the case at all four temperatures. Residues exhibiting 
large differences in 15N chemical shift between the native and denatured states in 
NMR thermal melts also produce large-amplitude relaxation dispersions. 
Conversely, residues with 15N chemical shifts that are nearly identical in the 
native and denatured states (Δδ≈0) have essentially flat dispersion profiles 
(Φex≈0, see Methods Section). Furthermore, the populations of the denatured 
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state (pD) calculated from the slopes of these plots (0.19±0.04, 0.31±0.07, 
0.55±0.07, and 0.61±0.12 %) are similar to those extracted from the global DSC 
and NMR thermal melt analysis (0.13±0.05, 0.30±0.09, 0.70±0.15, 1.6±0.3 %) at 
(10, 15, 20, 25 ºC). This provides strong evidence that the folding of PBX-HD can 
be described as a cooperative transition between a denatured and native state. 
Notably, the chemical shifts of the denatured state differ significantly from those 
predicted for a completely unstructured polypeptide chain. Chemical shift 
differences between the native state and a theoretical random coil [35, 36] were 
calculated, ΔδRC = δRC-δN. A plot of Φex versus (ΔδRC)2, shown in the inset to Figure 
3.5, illustrates that there is essentially no correlation between the two 
parameters. This suggests that the denatured state contains some residual 
structure, as discussed below. There are some small deviations from the good 
overall agreement between Δδ and Φex values. For example, the 15N resonances 
of Thr 13 (backbone) and Trp 51 (side chain), indicated by filled circles in Figure 
3.5, exhibit slightly elevated Φex values, which likely reflect additional ms to μs 
timescale dynamics within the native state at these sites. This is particularly 
evident at low temperatures, where there is less broadening due to global 
folding/unfolding dynamics. 
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Figure 3.5: Φex (CPMG) parameters plotted as a function of Δδ2 (thermal melt) 
CPMG-derived Φex parameters for all residues with doubled peaks, plotted as a 
function of the squared differences in chemical shift between the native and 
denatured states, Δδ2, estimated from NMR thermal melts. Lines were obtained 
by linear regression and have slopes of pNpD where pN and pD are the relative 
populations of the native and denatured states. The inset shows Φex at 25 ºC 
plotted as a function of squared differences in chemical shift between the native 
state and those predicted for a random-coil chain, ΔδRC2. Points for Thr13 
(backbone) and Trp51 (side chain) are indicated with filled black and grey circles, 
respectively. 
 
3.4. Discussion. 
3.4.1. Evidence for cooperative folding  
The DSC thermogram and all peaks in the NMR thermal melt analysis 
represent independent probes of the equilibrium unfolding of PBX-HD. Therefore 
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the simultaneous agreement of the global two-state model with the NMR melting 
curves and the DSC data strongly supports the idea that PBX-HD folds in a 
cooperative manner. The CPMG data likewise agree with a global two-state 
model of exchange. However the key piece of evidence demonstrating that 
folding is cooperative comes from the cross-validation of the NMR thermal melt 
and CPMG data.  Both analyses produce independent estimates of the chemical 
shift differences between the native and denatured states on a per-residue basis, 
in the forms of Δδ and Φex for thermal melts and CPMG fits, respectively. We 
observe excellent agreement between these two sets of parameters, which 
implies that between 10 and 25 ºC, the native form of the protein undergoes 
cooperative exchange with a small population (<2%) of the denatured state on 
the μs timescale. This directly contradicts the downhill folding model, for which 
there is only a single minimum in the energy landscape. It has been proposed 
that conformational diffusion within this single energy well can produce 
broadening in NMR spectra [5]. However, the downhill folding model does not 
suggest that the fluctuations in chemical shift, and hence broadening, should 
correlate with the spectral properties of the thermally denatured state, as is the 
case for PBX-HD. In fact little or no correlation would be expected, since local 
structures melt independently over a wide range of temperatures, according to 
this model [5, 37]. It must be emphasized that our results do not rule out the 
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existence of intermediates along the PBX-HD folding pathway. In fact, the pre-
unfolding transition likely involves a substantial number of conformational sub-
states. However, the data indicate that any intermediates are weakly populated, 
exchange very rapidly with the native or denatured states, or both. In other 
words, the energy landscape of PBX-HD is dominated by a single free energy 
barrier. On one side of the barrier lie the unstructured conformations and any 
pre-transition-state intermediates that we collectively term the denatured state. 
On the other side lie the relatively ordered conformations and any post-transition-
state intermediates we collectively term the native state. Conformational 
exchange within the native and denatured ensembles occurs far more rapidly 
than exchange between ensembles. 
One of the great advantages of CPMG dynamics experiments is that 
exchanging states may be identified on the basis of chemical shift fingerprinting. 
In a ground-breaking NMR study of SH3 domain folding, CPMG data indicated 
that the native state interconverts with two weakly-populated forms [10]. The 
chemical shifts of one of these forms correspond to those predicted for a 
random-coil peptide, providing clear evidence for a three-state protein folding 
reaction. Comparisons of CPMG-derived Δω and Φex parameters with ligand-
dependent chemical shift changes have been used to characterize two-state [38] 
and multi-state [11] protein binding mechanisms and to map complex enzymatic 
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reaction pathways [39]. The work presented here illustrates the potential of 
combining NMR thermal melts with CPMG data to characterize ms- to μs-
timescale protein motions, through chemical-shift fingerprinting of thermally 
denatured forms. 
 
3.4.2. Nature of the pre-unfolding transition 
The native form of PBX-HD undergoes an endothermic conformational 
transition over the entire temperature range studied. This conclusion is supported 
by the large anomalous heat capacity measured for this state by DSC, the 
unusually large changes in chemical shift observed for some residues as the 
temperature raised, and the increasingly heterogeneous pattern of internal 
motions reported by transverse relaxation rates, R20. Temperature-sensitive 
native-state 15N chemical shifts and elevated R20 values are concentrated in a 
region of the protein encompassing the C-terminal end of the third helix. 
Extension of the third helix upon DNA binding has been observed in PBX-HD [13] 
and several other homeodomains [40-42]. It is therefore likely that helix/coil 
dynamics in this region of the protein contribute to the pre-unfolding transition 
detected by NMR and DSC. However, conformational and dynamical changes 
are not restricted to this region, as elevated R20 values and large 15N chemical 
shift temperature dependences are observed throughout the protein at 25 ºC. 
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3.4.3. Nature of the folding energy barrier. 
 The PBX-HD folding rate is quite insensitive to temperature, with an 
apparent activation energy of about 3 kcal/mol. In contrast, enthalpic folding 
barriers for more slowly folding proteins range from about 15 to 40 kcal/mol [43]. 
Enthalpic barriers to protein folding are thought to relate to the desolvation of 
non-polar side chains prior to hydrophobic core formation [43]. The low activation 
energy obtained for PBX-HD could therefore imply that non-polar groups are only 
slightly more exposed to solvent in denatured state than in the folding transition 
state. This is consistent with our observation that the denatured form contains 
residual structure and that the native form undergoes partial melting. If 
hydrophobic side chains cluster in the denatured state and are somewhat 
solvated in the native state, then only minimal desolvation would be required at 
the rate-limiting step of folding. Since the folding activation energy is close to 
zero, the energy barrier itself is primarily entropic. This agrees with statistical 
mechanical descriptions of protein folding in which an entropic “bottleneck” 
occurs at the point along the reaction coordinate where the decrease in the 
number of accessible conformations is incompletely compensated by the 
formation of favourable interactions [44]. 
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3.4.4. Discriminating between downhill and cooperative folding.  
It can be difficult to establish whether or not the energy landscapes of fast-
folding proteins contain significant barriers, since the timescale of conformational 
interconversion is short compared to the timescales of the experimental 
techniques used to monitor folding [45]. Several different strategies have been 
developed to overcome this problem. An analysis was recently proposed in which 
an enthalpy probability density function is fitted directly to DSC data [4, 30].  We 
find that when this method is applied to PBX-HD, the extracted enthalpy 
distribution is unimodal, i.e. downhill folding is predicted. However, our results 
clearly show that this protein folds cooperatively over a free energy barrier. 
Similarly, this approach predicts that the Engrailed homeodomain, En-HD,  
undergoes downhill folding [4], although extensive research has shown that it 
folds in two cooperative steps [8, 16, 46, 47]. It appears that this method has a 
tendency to assign the downhill mechanism to proteins that fold cooperatively. 
Other approaches involve examining whether different structural probes 
provide coincident denaturation profiles [3, 5], or characterizing the coupling 
between different denaturation methods, such as temperature and chaotropic 
agents [48]. However, these tests are based on experiments performed at 
thermodynamic equilibrium. They probe the structural and energetic 
heterogeneity of the protein conformational ensemble, but they cannot directly 
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address whether conformations are separated by energy barriers. Even kinetic 
measurements do not always provide a clear indication of folding cooperativity. 
Although simple two-state folding gives rise to mono-exponential, probe-
independent folding kinetics and downhill folding can produce stretched-
exponential, probe-dependent kinetics, it has been shown that these criteria are 
insufficient to conclusively demonstrate the presence or absence of barriers in 
the energy landscape [6]. Far more detailed analyses of the effects of mutation, 
temperature, and solvent conditions on folding kinetics are required to draw 
conclusions regarding the underlying mechanisms [47, 49, 50]. Chevron plot 
analysis has been used to analyze folding cooperativity, since downhill folding is 
unlikely to produce kinetics with the strong linear dependence on denaturant 
concentration that is characteristic of two-state systems [45]. Native-state 
hydrogen exchange also allows two-state folding behavior to be distinguished in 
fast-folding proteins [51]. However, cooperativity would be more difficult to infer 
when the exchanging states are structurally labile, as is the case for PBX-HD. 
Our work represents a robust new approach for analyzing folding cooperativity 
that can help to shed light on unresolved questions in protein folding. 
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3.5. Conclusion 
Elucidating the folding mechanisms of small, marginally stable proteins is of 
great interest because it tests our fundamental understanding of protein 
biophysics. We have used a combination of DSC, NMR thermal melt and CPMG 
experiments to characterize the folding mechanism of the homeodomain from the 
human transcription factor PBX, PBX-HD, with atomic resolution. This protein 
folds rapidly, with kF=4090 s-1 at 25 ºC, and exhibits a broad thermal denaturation 
profile that makes it a candidate for multi-state or downhill folding mechanisms. 
However, the analysis shows that PBX-HD folds over a single, entropic energy 
barrier from a denatured state that contains residual structure to a native state 
that undergoes an endothermic conformational rearrangement. Discriminating 
between different folding models can be challenging for marginally stable, fast-
folding proteins. As recently noted, “it is necessary to assign observed rate 
constants to specific processes”  in order to conclusively identify folding 
mechanisms [47]. The global analysis of DSC, NMR thermal melt and CPMG 
experiments provides a new avenue for this to be achieved. 
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3.6. Methods 
3.6.1. Sample preparation.  
Samples of PBX-HD comprising residues 233-294 of the human pre-B cell 
transcription factor [52] were expressed in E. coli (BL21 DE3) harboring the 
Rosetta plasmid (Novagen) grown in minimal media [53]. The protein was 
purified using SP-sepharose ion-exchange and size-exclusion chromatography. 
NMR samples contained 1.0 mM 15N-enriched protein, 10% 2H20, 1 mM EDTA, 
10 µM DSS, and 20 mM sodium phosphate at pH 6.0. Control experiments were 
performed on 1.0 and 0.5 mM protein samples with 20 mM, MES ( 2-(4-
morpholino) ethanesulfonic acid ) at pH 6.0 in place of sodium phosphate. DSC 
samples contained between 40 and 140 µM protein and 20 mM sodium 
phosphate at pH 6.0. 
 
3.6.2. NMR CPMG Relaxation Dispersion.  
1H-decoupled  15N CPMG experiments [17] with power compensation 
schemes [38] were performed at 10, 15, 20, and 25 ºC on Varian INOVA 
spectrometers equipped with cold-probes operating at 500 and 800 MHz 1H 
Larmor frequencies. The experiments employed 13 to 15 kHz 1H decoupling 
fields during the relaxation delay. In the reference experiment, which lacks the 
relaxation delay, compensatory 1H decoupling was applied following the 
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acquisition period [17]. Sample heating was assessed by monitoring the shift of 
the water resonance produced by several minutes of irradiation with the 1H-
decoupled 15N CPMG pulse sequence, performed without engaging the D2O 
lock. Shifts were typically very small, on the order of 1 to 5 ppb, which 
corresponds to a rise in temperature of about 0.1 to 0.5 °C [54]. No change in the 
water resonance frequency was obtained with the 1H decoupling power reduced 
to zero. This slight heating was compensated by lowering the temperature setting 
on the spectrometer by a corresponding amount. Although the decoupling power 
can vary by about 10% among experiments with different νCPMG values [17], we 
expect that this has almost no impact the CPMG data, since spectra with 
different νCPMG are collected in an interleaved fashion and overall heat effects are 
negligible. Peak intensities were quantified, and transverse relaxation rates, R2, 
and their associated uncertainties, σR2, were calculated as described previously 
[38]. 
Global folding/unfolding exchange rates, kexglobal, and per-residue Φex 
parameters were calculated using a two step protocol. In the first step, kexglobal 
was estimated using only data for residues with dispersion magnitudes greater 
than 1 s-1 (9, 9, 11, and 16 residues at 10, 15, 20, and 25 ºC, respectively). A 
grid-search of kex was performed for each residue at each temperature, fixing kex 
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at values between 100 and 10,000 s-1 in increments of 10 s-1, and adjusting all 
other parameters to minimize the χ2 function 
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where R2calc(kex) is computed using Equation (3.1) and the sum runs over all R2 
data points for a single residue at a single temperature. Every considered residue 
but one (Gly44) exhibited a χ2(kex) minimum at a similar value of kex, suggesting 
that dynamics are collective. Aggregate χ2 versus kex profiles were then 
calculated according to 
    2 2total ex exk k  ,       (3.3) 
where the sum runs over data for all selected residues at a single temperature 
(as described above, with the exception of Gly44). The global value of kex was 
then selected such that 
     2 2minglobaltotal ex total exk k  .      (3.4) 
Uncertainties in kexglobal values were estimated using a Monte Carlo 
approach in which randomized χtotal2(kex) profiles were calculated by summing 
χ2(kex) profiles for subsets of residues selected randomly according to a bootstrap 
procedure [55]. The standard deviations of the kex estimates thus obtained were 
taken as the uncertainties in global kex values. 
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In the second step, values of Φex were obtained for all residues by 
minimizing Equation (3.2), fixing kex = kexglobal. This global analysis allows Φex 
values to be determined for every residue, including those with small or non-
existent dispersions. This contrasts with fits on a per-residue basis, which require 
sizeable dispersion magnitudes in order for ex to be accurately measured. For 
example, a flat dispersion profile implies that either kex is very slow (<1 s-1), very 
fast (>104 s-1), or that ex≈0. Analysis of a single flat dispersion profile cannot 
distinguish between these three possibilities. However the exchange rate is fixed 
at kexglobal in the global fits, therefore nuclei with flat dispersions can be confidently 
assigned Φex ≈ 0. 
The expected values of R20 for a globular, 61-residue protein were 
estimated based on a simple model [54] in which the molecule is assumed to be 
spherical with a specific volume of 0.73 cm3 g-1 and a hydration layer of between 
1.6 and 3.2 Å. Rotational diffusion in solution was assumed to follow the Stokes-
Einstein-Debye relationship, where the viscosity of water at 10 °C is 1.3 cP [56]. 
The transverse relaxation rate was calculated according to the Lipari-Szabo 
model-free formalism [57] with an order parameter, S2, of 0.9. At 10 °C, the 
expected R20 values (roughly 7 to 9 s-1) are lower than those observed 
experimentally (12 to 15 s-1). This may be due, in part, to transient intermolecular 
interactions that slightly elevate the effective rotational correlation time and lead 
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to enhanced transverse relaxation rates throughout the molecule [58]. Reducing 
the protein concentration by a factor of two uniformly decreases R20 values by 
about 1 s-1, but produces no other changes in the shapes or magnitudes of the 
dispersions. Values of R20 are about 1 s-1 greater in 20 mM phosphate buffer than 
in 20 mM MES. This may be due to the greater ability of H2PO4- and HPO42- 
anions to shield electrostatic repulsion between positively-charged molecules of 
PBX-HD; the ionic strength of 20 mM sodium phosphate is 22 mM, while that of 
20 mM MES is 8 mM, at pH 6.0. 
3.6.3. NMR thermal melts.  
15N/1H HSQC spectra [59] were collected every 2.5 ºC from 10 to 60 ºC 
and at 65 ºC, and referenced to an internal DSS standard [60]. Of the 58 peaks 
present at 10 ºC, 47 disappeared at intermediate temperatures, likely due to 
broadening caused by ultra-rapid µs timescale motions in the native and/or 
denatured states and folding/unfolding dynamics. Of the 22 15N and 1H 
trajectories  that could be tracked over the entire thermal melt (T13, E14, L16, 
E31, E32, A33, K34, A38, K39, W51, I57), 21 were clearly sigmoidal, and one 
was approximately linear (T13 1H).  15N and 1H chemical shifts, δ, and 
uncertainties, σδ, were determined using the NmrPipe/NmrDraw suite of 
programs [61]. As discussed below, the first stage of global fitting employed 
averaged 15N and 1H trajectories in order to simplify the calculations. 
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Denaturation is associated with an increase in chemical shift values for some 
residues, and a decrease in chemical shift for others. In order to avoid 
cancellation of positive and negative Δδ values in the average, trajectories were 
adjusted to make all Δδ values positive; trajectories showing a decrease in 
chemical shift upon denaturation were reflected about the mean value according 
to 
     2i i iT T T     ,       (3.5) 
where the δi΄ refers to raw 1H or 15N chemical shifts for residue i, and the overbar 
indicates the average over all temperatures. Error-weighted average chemical 
shifts and associated uncertainties were calculated according to the expressions, 
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where the sum includes all sigmoidal trajectories that extend over the entire 
temperature range, n=10 and 11 for 1H and 15N trajectories, respectively. 
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3.6.4. DSC Analysis.  
DSC experiments were carried out with an N-DSC III calorimeter from 
Calorimetry Sciences Corporation (Linden, UT) at a scan rate of 1.0 K/min and a 
pressure of 4 atm. 46 scans were recorded using four different protein 
preparations. Thermal unfolding was completely reversible and thermograms 
were unaffected by protein concentration over a range of 40 to 140 µM, indicating 
that the broad DSC unfolding traces are not influenced by protein aggregation. 
Baseline-subtracted raw DSC data, Φi(T), (μW measured in 0.1 °C increments) 
were averaged over all repeated measurements according to,  
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where the sum runs over all scans, n=46. In order to estimate the standard errors 
of  T , the individual scans were normalized for protein concentration and 
corrected for slight vertical offsets inherent to the instrument [26], yielding 
Φinorm(T). Uncertainties were calculated as the standard deviation of Φinorm(T) 
divided by n  according to the expression 
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Molar heat capacity values were calculated as [62] 
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where dt/dT is the inverse scan rate (60 s K-1),  protein  is the concentration of 
PBX-HD averaged across all samples (g/mL), Vcell is the active volume of the 
calorimeter cell, 0.300 mL, Cp(T)solv is the heat capacity of water, 1 cal g-1 K-1, 
PSV is the partial specific volume of the protein, 0.726 mL g-1 [63], ρsolv is the 
density of the solvent, 1 g mL-1, and M is the molecular weight of PBX-HD, 7438 
g mol-1. Uncertainties in heat capacity values are thus 
      1 1CP celldtT T protein V MdT 
 
     .      (3.11) 
For PBX-HD, we find that values of σCP are on the order of 10 cal mol-1 K-1 or 
about 0.2%. 
DSC traces were fit using standard equations for two- and multi-state 
folding [26], as well as a variable-barrier model appropriate for both cooperative 
and downhill folding mechanisms, as described in the Supporting Information 
[30]. In order to compare the native DSC baseline PBX-HD to those of typical of 
globular proteins, the average specific heat capacity and corresponding 
temperature dependence was calculated for barnase, bovine pancreatic trypsin 
inhibitor, cytchrome c, lysozyme, myoglobin, ribonuclease A, tendamistat, SH3 
domain, and ubiquitin, using tabulated Cp values at 5, 25, and 40 or 50 °C [27].  
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3.6.5. Global Fitting. 
 Global fitting of the DSC and NMR thermal melt data was performed 
using a two-step protocol. In the first step, the sigmoidal chemical shift 
trajectories were averaged, yielding one 15N and one 1H thermal melting profile, 
in order to simplify the following calculations. The NMR and DSC datasets were 
then fitted simultaneously by varying 18 adjustable parameters comprising the 
ΔH and ΔS of unfolding at a reference temperature, 8 parameters defining third-
order polynomial native and denatured heat capacity baselines, and 8 
parameters defining linear temperature dependences for native and denatured 
15N and 1H chemical shifts. In the second step, the trajectory for each peak was 
analyzed separately using the thermodynamic parameters extracted in step 1, in 
order to obtain native and denatured 15N chemical shifts as linear functions of 
temperature on a per-residue basis. In both steps, the positions of the minor 
peaks were fitted to the linear denatured-state chemical shift profiles, while the 
positions of the major peaks were fitted to the population-weighted averages of 
the native- and denatured- state chemical shifts. The analysis was first performed 
using the averaged DSC thermogram, given by Equation (3.10). It was then 
repeated for each of traces individually. Reported errors are the standard 
deviations of the resultant 46 sets of fitted values (in the case of pD values, 3 
outlying traces were excluded from the standard deviation calculation). 
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Global fitting of DSC and NMR thermal melt data must account for the fact 
that PBX-HD contains two proline residues (Pro27 and Pro29), both of which 
adopt the trans-isomer in the native state [13], and are free to adopt the cis 
configuration in the denatured state [14]. Thermal unfolding therefore involves 
five states: trans/trans native, and trans/trans, cis/trans, trans/cis, and cis/cis 
denatured states. However, studies of short peptides suggest that the Tyr28-
Pro29 peptide bond populates the cis-isomer to a much greater extent than does 
the Asp26-Pro27 bond, therefore folding is predominantly a three-state reaction 
involving the native, and trans/trans and trans/cis denatured forms. Proline cis-
trans isomerisation occurs slowly on the NMR chemical shift timescale, and the 
major peaks in NMR spectra are due to rapid exchange between the native state 
and only the trans/trans denatured state. The chemical shifts of the major peaks 
are thus given by  
15N,1H 15N,1H 15N,1H1
1 1
tt
calc N D
tt tt
K
K K
           (3.12) 
where Ktt is the equilibrium constant for the native and trans/trans denatured 
states. The native, δN15N,1H, and denatured δD15N,1H, chemical shifts profiles were 
modeled as straight lines, 
 15N 15N 15N0 1N N NT A A T   , 
 1H 1H 1H0 1N N NT A A T   , 
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 15N 15N 15N0 1D D DT A A T   , and 
 1H 1H 1H0 1D D DT A A T   .        (3.13) 
The equilibrium constant Ktt is given by 
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where T0 is an arbitrary reference temperature, 318 K in this case, and ΔHtt, ΔStt, 
and ΔCp are the molar differences in enthalpy, entropy, and heat capacity 
between the trans/trans denatured and native states. The heat capacities of the 
native and denatured states were modeled as third order polynomials, such that 
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and ΔCp = CpD-CpN.  
The populations of the cis-proline isoforms do not affect the positions of 
the major peaks in the NMR thermal melts, since these depend only on the 
relative populations of the rapidly-exchanging native and trans/trans denatured 
forms. However, DSC reflects the thermodynamics of both fast and slow 
processes, therefore cis-proline denatured forms must be considered. 
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Experiments performed at scanning rates of 0.5 K/min and 1.0 K/min give 
essentially superimposable thermograms, therefore we are confident that all 
forms of the protein are close to their equilibrium populations throughout the DSC 
experiment. In order to combine NMR and DSC data, the global analysis must 
correct for the fact that estimates of the unfolding equilibrium constant obtained 
by NMR will appear lower than those obtained by DSC, since KNMR=[Dtt]/[N] 
while KDSC=([Dtt]+[Dtc]+[Dct]+[Dcc])/[N] (using the nomenclature of Equation (3.18)
, below, to indicate trans/cis isomers). We incorporated proline isomerisation into 
the folding model by including information from thermodynamic studies of short 
peptides [14]. The cis isoform of Tyr-Pro peptide bonds is populated to a level of 
about 21%, and is 0.81 kcal mol-1 higher in Gibbs free energy and 0.65 kcal mol-1 
higher in enthalpy than the trans-configuration at 298 K [14]. The difference in 
entropy between the two states is therefore -0.54 cal mol-1 K-1. We have modeled 
isomerisation of the Asp26-Pro27 peptide bond based on results for Ala-Pro 
bonds in short peptides [14]. In this case, the cis-configuration is populated to a 
level of about 7.5%, and is thus 1.5 kcal mol-1 higher in Gibbs free energy than 
the trans form. Stabilization of aromatic-proline cis-petide bonds is thought to be 
primarily enthalpic [14], therefore we used the same entropy value for 
isomerisation of both Tyr28-Pro29 and Asp26-Pro27. This leads to an enthalpy 
change of 1.33 kcal mole-1 for trans/cis isomerisation of the Asp26-Pro27 bond. 
 135 
Finally, we assumed that the heat capacities of all denatured states are equal, 
and that cis/trans isomerisation is independent at the two sites. Relative to the 
native state, the enthalpies and entropies of the cis-proline isoforms are 
therefore: 
ΔHtc = ΔHtt + 0.65 kcal mol-1 
ΔStc = ΔStt – 0.54 cal mol-1 K-1 
ΔHct = ΔHtt + 1.33 kcal mol-1 
ΔSct = ΔStt – 0.54 cal mol-1 K-1 
ΔHcc = ΔHtc + 1.33 kcal mol-1 
ΔScc = ΔStc – 0.54 cal mol-1 K-1,      (3.18) 
where the first and second letters of the subscript indicate the configurations of 
the Asp26-Pro27 and Tyr28-Pro29 peptide bond, respectively. The heat capacity 
profile is then calculated as 
, , , , , ,
calc N i
p p i i p
i tt ct tc cc i tt ct tc cc
PC C H P C
T 
      ,      (3.19) 
where Pi is the relative population of state i, given by 
, , ,
1
i
i
j
j tt ct tc cc
KP
K

  
,         (3.20) 
exp i ii
H T SK
RT
       .        (3.21) 
The temperature derivatives of the populations are given by the expression 
2
, , ,
i i
i j j
j tt ct tc cc
P P H P H
T RT 
         .       (3.22) 
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Thus the parameters BN0, BN1, BN2, BN3, BD0, BD1, BD2, and BD3 specify the 
heat capacities of the native and all denatured states via Equation (3.17). These 
together with ΔH0 and ΔS0 define the enthalpy and entropy of the trans/trans 
denatured state, Equations (3.15) and (3.16), as well as those of the trans/cis, 
cis/trans, and cis/cis states, Equation (3.18). This permits calculation of the DSC 
trace, using Equations (3.19) to (3.22). Defining linear chemical shift baselines 
with AN015N, AN115N, AN01H, AN11H, AD015N, AD115N, AD01H, and AD11H, NMR thermal 
melt 15N and 1H trajectories may be calculated, using Equations (3.12) to (3.14). 
The parameters Aij, Bi, ΔH0 and ΔS0 were varied to minimize the χ2 function, 
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,    (3.23) 
such that the positions of major peaks were fit to  15 ,1N Hcalc T  and the positions of 
the minor peaks were fit to  15 ,1N HD T . The fit had 166 degrees of freedom and 
produced a residual χ2 value of 931, suggesting that the experimental 
uncertainties, Equations (3.11) and (3.7), were underestimated by about a factor 
of 2. In order to obtain native and denatured 15N chemical shifts for each residue 
and to verify that all residues obey the same two-state mechanism, we used 
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values of Ktt calculated with Equations (3.14) to (3.17) and globally optimized 
unfolding parameters to fit chemical shift values on a per-residue basis, 
according to Equation (3.12). Nearly perfect agreement was obtained for all 
trajectories, as shown in Supplemental Figure S1. 
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3.8.1. NMR Thermal Melt Data Preparation 
Peak positions, δ, and uncertainties, σδ, were determined using the 
NmrPipe/NmrDraw suite of programs.[61] In order to simplify the global fit, 15N 
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and 1H trajectories were averaged, yielding one 1H and one 15N profile. 
Denaturation is associated with an increase in chemical shift values for some 
residues, and a decrease in chemical shift for others. In order to avoid 
cancellation of positive and negative Δδ values in the average, trajectories were 
adjusted to make all Δδ values positive; trajectories showing a decrease in 
chemical shift upon denaturation were reflected about the mean value according 
to 
     2i i iT T T     ,        (3.24) 
where the δi΄ refers to raw 1H or 15N chemical shifts for residue i, and the overbar 
indicates the average of all temperatures. Error-weighted average chemical shifts 
and associated uncertainties were calculated according to the expressions, 
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
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  ,        (3.26) 
where the sum includes all sigmoidal trajectories that extend over the entire 
temperature range. In both 1H and 15N dimensions, n=10. 
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Figure S3.1:  Fits of NMR thermal melt chemical shift trajectories to a global two-
state unfolding model.  
Data for all residues with doubled peaks are shown. Chemical shifts of major and 
minor peaks are indicated with red and blue circles while folded and unfolded 
baselines are indicated with red and green lines, respectively. 
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4.0. Preface 
In Chapter 3, we examined the thermodynamics and kinetics of a two-state 
conformational exchange in the consensus PBX homeodomain (residues 1-59). 
Kinetics in the consensus homeodomain on the microsecond timescale are 
related to folding. PBX is a rather unique homeodomain, in that there is C-
terminal extension of approximately 15 residues that have an important role in 
the interaction between PBX and DNA. DNA binding causes a 15-residue 
extension at the C-terminus of PBX-HD to undergo a disorder-to-helix transition, 
although this region does not directly contact the DNA. The addition of the C-
terminal extension results in a five-fold increase in binding affinity for DNA [1].  
 The addition of the C-terminal extension causes extensive broadening in a 
1H-15N Heteronuclear Single Quantum Coherence (HSQC) spectrum of PBX 
(residues 1-78), which is indicative of conformational exchange on the 
millisecond to microsecond timescale. The addition of the functionally relevant C- 
terminal extension alters the dynamics in PBX-HD, and this Chapter employs 
Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiments in order to 
probe the function of the dynamics on the millisecond timescale.  
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4.1. Abstract 
The PBX1 homeodomain (PBX-HD) binds DNA cooperatively with Hox 
transcription factors and helps to regulate gene expression during vertebrate 
development. Allostery plays an important role in these interactions. DNA binding 
on one surface of PBX-HD enhances interactions with Hox proteins at a different 
interface. In addition, DNA binding causes a 15-residue extension at the C-
terminus of PBX-HD to undergo a disorder-to-helix transition, although this region 
does not directly contact the DNA. Deletion of the C-terminal extension reduces 
both the DNA affinity of PBX-HD and the cooperativity of forming the 
DNA/Hox/PBX-HD ternary complex. In order to better understand the mechanism 
underlying these allosteric interactions, we used NMR relaxation dispersion 
dynamics experiments to characterize millisecond timescale motions in PBX-HD 
over a range of temperatures. The data show that the C-terminal extension folds 
to form a fourth alpha helix to a level of 5-10%, even in the absence of binding 
partners. This suggests that PBX-HD transiently pre-organizes prior to DNA-
binding, reminiscent of the “conformational selection” model of molecular 
recognition. Folding of the C-terminal extension in the unbound protein is 
accompanied by structural rearrangements in both the DNA and Hox protein 
binding sites, suggesting a possible role for these dynamics in the allosteric 
mechanism of PBX-HD. 
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4.2. Introduction 
Homeodomains are DNA-binding protein modules that are found in many 
eukaryotic transcription factors [2]. Homeodomain structure is highly conserved, 
comprising about 60 amino acids arranged in 3 alpha helices with a well-ordered 
hydrophobic core. In general, binding is driven by insertion of helix 3 into the 
major groove of DNA as well as by interactions of residues N-terminal to helix 1 
with the minor groove (Figure 4.1). Individual homeodomains bind to DNA with a 
fairly low degree of sequence specificity [3]. The specificity is greatly improved 
when multiple homeodomains bind to adjacent sites on DNA [4]. For example, 
Hox proteins, which play an important role in anterior-posterior patterning during 
vertebrate development, bind DNA cooperatively with PBC co-factors [5-14], 
including PBX proteins [15]. 
Insight into the structural basis of this cooperativity has been gained from X-ray 
crystallographic  studies of the ternary complex formed by the homeodomains 
from HOXB1 and PBX1 (PBX-HD) bound to DNA [16]. The two homeodomains 
interact directly with each other, via a conserved motif at the N-terminus of the 
HOXB1 homeodomain (Hox-peptide) and a binding pocket formed by the C-
terminus of helix 3 and the helix 1-2 loop of PBX-HD (Figure 4.1) [16]. 
Interestingly, PBX-HD is a member of the TALE (three amino-acid loop 
extension) class of homeodomains [17], thus named because the helix 1-2 loop 
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contains a three residue insertion not present in most homeodomains. Mutations 
and deletions within the N-terminal Hox-peptide motif and the TALE region (helix 
1-2 loop) of PBX-HD abrogate the cooperativity of DNA/Hox/PBX ternary 
complex formation [18-20], which confirms the importance of this contact. 
Formation of the ternary complex is somewhat more complicated than this 
picture might suggest. Short peptides containing the Hox-peptide motif bind to 
PBX-HD in the presence, but not in the absence of cognate DNA [21]. This 
indicates that there is some degree of energetic communication between the 
binding sites for DNA and Hox-peptide. Helix 3 is implicated since it participates 
in both interactions, but it is unclear how the information is transmitted along this 
helix. Further, PBX-HD contains a conserved sequence of about 15 residues C-
terminal to helix 3 that is largely unstructured in the absence of DNA [22], yet 
forms a fourth alpha helix that packs against the homeodomain when the protein 
is bound to DNA [16, 22]. This suggests that there is some long-range 
communication within the protein, since helix 4 does not directly contact the DNA 
in the ternary complex [16]. Removal of the C-terminal extension decreases the 
affinity of PBX-HD for DNA by a factor of about five [1] and reduces cooperative 
interactions between PBX-HD and Hox proteins when they bind DNA [15].  Thus 
the C-terminal extension, helix 3, and the TALE region form three distinct 
structural elements of PBX-HD, whose allosteric interactions govern DNA 
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recognition by the PBX and Hox homeodomains. The energetic communication 
can be rationalized in terms of helix 4 (formed by the C-terminal extension in the 
presence of DNA) having a stabilizing influence on helix 3 [16], thereby 
promoting interactions with DNA and the Hox-peptide. However there are several 
unresolved questions regarding this process. Firstly, what is the energetic cost of 
structuring the C-terminal extension? Does a fourth helix form only in the 
presence of DNA via an induced-fit type of mechanism, or is the C-terminal 
extension poised to fold in the absence of DNA? Secondly, are the conformations 
of the C-terminal extension, helix 3, and the TALE region energetically linked in 
the absence of binding partners? Or alternatively, are bridging interactions 
involving DNA or the Hox-peptide required to couple these regions of PBX-HD 
and produce allosteric communication?   
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Figure 4.1: Structure of the PBX1 homeodomain bound to DNA 
Structure of the PBX-HD (residues 1-78, mouse) bound to DNA (1LFU[21]) (gray 
ribbon). Residues producing well-resolved peaks and 15N dispersions (10°C, 800 
MHz) greater than 3<R2> are indicated with spheres, where <R2> is the 
average uncertainty in individual R2 values. Red spheres identify residues whose 
dispersion data agree with the global exchange process. Residues are assigned 
to this category when the fitting residuals (χ2) obtained using the global values of 
kexinterp at all temperatures are less than twice the residuals obtained when kex is 
optimized on a per-residue-per-temperature basis. Dispersion data for 18 out of 
20 residues agree with the global exchange parameters according to this 
criterion. The two residues that do not agree likely experience additional local 
dynamics on the millisecond timescale (see Supporting Information). Structures 
of DNA (light yellow) and HoxB1 homeodomain (light blue) were taken from the 
X-ray crystal structure of the ternay complex formed by the human isoforms of 
the proteins (1B72 [16]). The Hox-peptide is connected to the remainder of the 
HoxB1 homeodomain by 20 disordered residues.  
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4.3. Results and Discussion 
4.3.1. NMR CPMG dynamics experiments.  
We investigated the nature of this allosteric coupling by using nuclear magnetic 
resonance (NMR) spectroscopy to characterize the internal dynamics of PBX-HD 
over a temperature range of 10 to 25 °C. We studied a version of the protein 
running from residue 1 to 78, using the consensus homeodomain numbering, in 
which the three residues of the TALE are designated 23a,b,c. In this scheme, the 
consensus homeodomain sequence comprises residues 1-59, while residues 60 
to 78 include the C-terminal extension.  Backbone 15N and 1H signals throughout 
PBX-HD show significant broadening, characteristic of large-amplitude motions 
on the millisecond timescale. We employed 15N CPMG (Carr-Purcell-Meiboom-
Gill) relaxation dispersion NMR experiments [23] to quantify these dynamics with 
atomic resolution (Figure 4.2). CPMG experiments use variable trains of radio-
frequency refocusing pulses to quench conformational exchange contributions to 
transverse relaxation rates, R2. Relaxation dispersion profiles, comprising R2 
rates measured as a function of pulse repetition rate can be analyzed to yield 
thermodynamic, kinetic, and structural information on exchange processes [24]. 
If a molecule undergoes millisecond timescale exchange between a major 
(highly-populated) state A and a minor (weakly-populated) state B, the relaxation 
dispersion profile of a given nucleus is governed by three main factors: 
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 The difference in its resonance frequency (chemical shift) between the two 
states, Δω2=(ωA-ωB)2  
 The overall exchange rate, kex=kAB+kBA  
 The relative population of the minor state, pB, (pA+pB=1). 
In the intermediate timescale regime, where Δωkex, relaxation dispersion profiles 
can be fitted to yield values of kex, pB, and Δω. In the fast exchange regime, where 
Δω<<kex, pB and Δω cannot be determined separately, and instead fits yield 
values of kex and Φex=pApBΔω2 [25]. 
 
4.3.2. Dynamics in the C-terminal extension.  
Many signals from the C-terminal extension are broadened beyond detection. 
Most of the remaining peaks produce large amplitude relaxation dispersions, 
indicative of large conformational fluctuations on the millisecond timescale. We 
therefore initiated the dynamical analysis with data for these residues (K62, A67, 
A71, A72, T74). At 10 and 15 °C, exchange is in the intermediate timescale 
regime, consequently three parameters can be extracted from each fit: the 
interconversion rate (kex), the population of the minor state (pB), and the chemical 
shift difference between the states (ΔωAB). Relaxation dispersion profiles at 800 
and 500 MHz were fitted to obtain values of kex, pB, and ΔωAB for each residue at 
10 and 15 ºC (Figure 4.2A,B). The analysis was repeated, assuming that all 
residues undergo a single concerted exchange process. All 10 dispersion curves 
 157 
at 10ºC were fitted as a group, extracting global values of kex and pB, and values 
of ΔωAB on a per-residue basis. At 15ºC, the peak for A67 is overlapped and the 
analysis included only eight dispersion curves. The global model provides 
excellent agreement with the experimental data, and group-fit χ2 values are only 
slightly (1.3-fold) higher than individually-fit values (Supporting Table 4.1). The 
analysis yields an exchange rate of 67050 s-1 at 10°C and 104030 s-1 at 15°C, 
while the population of the minor state decreases from 10.11 % to 7.32 % over 
the same temperature range. Values of ΔωAB extracted at 10 and 15 °C are very 
similar, with an rmsd of 0.1 ppm. 
At 20 and 25ºC, the magnitudes of the dispersion curves scale as the square of 
the static magnetic field strength and are therefore in the fast timescale regime 
[26]. Consequently two parameters can be extracted from each fit: kex and 
Φex=pApBΔωAB2. Relaxation dispersion profiles at 800 and 500 MHz for K62, A67, 
A71, A72, and T74 were analyzed to yield values of kex and Φex on a per-residue 
basis (Figure 4.2 C,D). The analysis was repeated, assuming that all residues 
undergo a concerted exchange process. The ten dispersion curves at each 
temperature were fitted as a group, yielding global values of kex at 20 and 25 °C, 
and values of Φex for each residue at each temperature. The group fits provide 
excellent agreement with the experimental data and produce χ2 values that are 
on average 1.3-fold higher than those of individual fits (Supporting Table 4.1). 
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The analysis indicates that the exchange rate, kex, continues to increase with 
temperature, from 1600100 at 20°C to 2300200 at 25°C. Conversely values of 
Φex decrease, from an average of 0.12 ppm2 at 20°C to 0.094 ppm2 at 25°C. This 
reduction could reflect decreases in Δω, pB, or both. However, a decrease in pB 
seems most likely, since at 10 and 15 °C, where exchange is in the intermediate 
time regime and the two parameters can be extracted separately, pB decreases, 
while Δω remains essentially constant.  
Values of pB can be extracted from Φex if Δω is known, according to the 
expression: 
 
1
2 21 1 4
ex
Bp
       .       (4.1) 
Since Δω shows little or no change from 10 to 15 °C, we assumed that it is 
independent of temperature across the entire temperature range. We averaged 
the values of Δω obtained at 10 and 15°C for each residue and used these 
averages to estimate pB from Φex at the two higher temperatures, obtaining 6.01 
% at 20°C and 4.50.8 % at 25°C. A van ’t Hoff plot derived from equilibrium 
constants, Keq=pB/(1-pB), at all temperatures yields a linear relationship between  
ln{Keq} and T-1 (Figure 4.3A). This good agreement helps to validate the 
assumption that Δω values are independent of temperature, for these residues. 
The slope of the plot yields an enthalpy change for the process, ΔHAB=-9.5 kcal 
mol-1, while the y-intercept gives an entropy change of ΔSAB=-38 cal mol-1 K-1. 
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The first-order rate constants for the A→B and B→A transitions can be calculated 
as kAB = pB·kex and kBA = (1-pB)∙kex, respectively. Arrhenius plots also give a good 
linear relationships between ln{kAB}, ln{kBA} and T-1 (Figure 4.3B).  The slopes of 
the plots yield activation energies for the forward and reverse processes, 
Ea(A→B) =4.4 kcal mol-1,  Ea(B→A) =14.3 kcal mol-1.  
The van ‘t Hoff and Arrhenius  analyses were used to calculate optimized global 
values of the exchange rate and the population of the minor state as follows. The 
plots were interpolated to give Keqinterp and kBAinterp at all 4 temperatures. These, in 
turn, were used to calculate global, interpolated values of pB and kex according to: 
 
interp
eqinterp
B interp
eq
K
p =
1+K ,        (4.2) 
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ex interp
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1-p
kk  .        (4.3) 
The interpolated global values were back-validated by repeating fits of relaxation 
dispersion data at all temperatures for K62, A67, A71, A72, and T74, fixing 
kex=kexinterp and pB=pBinterp, and optimizing ΔωAB for each residue at each 
temperature. The fits obtained with the global, interpolated exchange parameters 
provide excellent agreement with the experimental R2 values (Figure 4.2A-D) and 
are virtually indistinguishable from those that were optimized on a per-residue 
basis (Supporting Figure 1). This strongly suggests that the broadening of signals 
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from 10 to 25 °C reflects concerted, millisecond-timescale excursions to an 
excited state that is lower in both enthalpy and entropy than the ground state. 
 
 
Figure 4.2: 15N CPMG relaxation dispersion NMR data for three residues in 
PBX1-HD 
15N CPMG relaxation dispersion NMR data for three representative residues 
located in the C-terminal extension (A72, A-D), TALE (three-amino-acid-loop-
extension, S23b, E-H) and helix 3 (G50, I-L) at 10, 15, 20, and 25ºC. The three-
residues of the TALE insert are designated 23a,b,c in the consensus numbering 
scheme. R2 is the 15N transverse relaxation rate, and νCPMG=1/(2τ), where τ is the 
delay between successive refocusing pulses in the CPMG pulse train. The upper 
and lower curves in each panel were obtained at 18.8 and 11.8 T (800 and 500 
MHz 1H Larmor frequencies), respectively. Lines correspond to fits performed 
using fixed kex=kexinterp. All data are in the fast exchange regime (in which kex is the 
only global variable) except for those of A72 at 10 and 15ºC.  
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The NMR-derived thermodynamic parameters indicate that the minor (B) state is 
significantly more ordered than the ground (A) state. The enthalpy of the A→B 
transition is large and negative, consistent with the formation of considerable 
structure. The value of ΔHAB (-9.5 kcal mol-1) is about one third of the entire 
folding enthalpy of a truncated, 3-helix version of PBX-HD at 20ºC (-30 kcal mol-
1) [27]. Similarly the entropy of the A→B transition is large and negative, 
consistent with a major disorder to order transition. The value of ΔSAB (-38 cal 
mol-1 K-1) is close to one third of the entire folding entropy of the truncated 3-helix 
PBX-HD at 20ºC (-91 cal mol-1 K-1). Thus the thermodynamics of the A→B 
transition are consistent with the folding of a single alpha helix and its packing 
into a compact structure. The C-terminal extension folds to form an alpha helix 
when the protein is bound to DNA, therefore these results suggest that it 
undergoes transient folding in the unbound state as well. In order to test this 
hypothesis, we compared the CPMG-derived values of |Δω| with the absolute 
differences in 15N chemical shift between the free and bound forms of PBX-HD, 
|Δδ|, determined from HSQC spectra of the two forms of the protein. If the 
conformation of the C-terminal extension in the minor (B) state resembles that 
adopted in the DNA-bound form of the protein, then one would expect values of 
|Δω| and |Δδ| to be similar. Values of |Δω| were extracted for all observable 
residues in the C-terminal extension, including those with little or no broadening, 
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at 10ºC by fitting relaxation dispersion profiles while fixing kex=kexinterp and 
pB=pBinterp. In such an analysis, small dispersions result in well-defined values of 
Δω near zero. These CPMG-derived |Δω| values are plotted as a function of |Δδ| 
for all observable signals in the C-terminus of the protein (K62 to A78) in Figure 
4.4A. The agreement between the two sets of values is quite high, with a 
correlation coefficient of 0.95 and slope of 0.8, near the expected value of 1. 
These results strongly support the idea that C-terminal extension transiently 
adopts an alpha helical conformation similar to that of the bound form of the 
protein, even in the absence of DNA. Interestingly, the Arrhenius analysis above 
indicates that the activation energy for the forward process, Ea(A→B)=4.4 kcal 
mol-1 is quite low, coming close to the expected value for a diffusion-limited 
process in water, 5.1 kcal mol-1 [28]. This agrees with our previous observation 
that there is a negligible enthalpic component to the folding barrier for the full 3-
helix homeodomain [27]. 
 
 
Figure 4.3: van ‘t Hoff and Arrhenius plots from CPMG derived parameters 
 163 
 (A) van ‘t Hoff plot of Keq=pB/(1-pB), where pB is the relative population of the 
minor state. The slope and y-intercept of the line are equal to –ΔHAB/R and 
ΔSAB/R, respectively. (B) Arrhenius plot of the first-order rate constant for the 
B→A transition, kBA (black, solid line) and A→B transition (grey, dashed line). The 
slopes of the lines are equal to –Ea/R, where Ea is the activation energy and R is 
the universal gas constant. Values of pB, kAB=pBkex, and kBA=pAkex were 
obtained from global fits of NMR CPMG data for residues in the C-terminal 
extension (K62, A67, A71, A72, T74).  
 
4.3.3. Dynamics in the consensus (helix 1-3) homeodomain. 
 NMR signals for many residues throughout PBX-HD are exchange broadened, 
although to a lesser extent than those in the C-terminal extension. This suggests 
that the consensus (helix 1-3) homeodomain undergoes extensive dynamics on 
the millisecond timescale. Exchange is in the fast regime at all temperatures for 
these residues, likely due to smaller differences in chemical shift between the 
major and minor states. Consequently two parameters can be extracted from 
each fit: kex and Φex=pApBΔωAB2.  We investigated whether these dynamics reflect 
the same motions experienced by the C-terminal extension by testing whether 
the NMR data are consistent with the global values of kexinterp obtained above. 
Relaxation dispersion profiles at 800 and 500 MHz for 16 residues in the 
consensus homeodomain were first analyzed by optimizing values kex and Φex 
values on a per-residue basis. The fits were repeated, fixing kex=kexinterp and 
extracting Φex for each residue (Figure 4.2E-L). For 14 of the 16 residues 
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analyzed, dispersion profiles are consistent with global kexinterp values at all 
temperatures. Residual χ2 values obtained from fits with fixed kex=kexinterp are on 
average just 1.1-fold greater than those obtained with individually-optimized kex 
values (Supporting Table 4.1).  R2 profiles calculated with kex=kexinterp agree closely 
with the experimental data and are similar to calculated profiles obtained from the 
individual fits (Supporting Figure 4.S1). In other words, the timescale of dynamics 
in the consensus (helix 1-3) homeodomain matches that of the C-terminal 
extension over the whole temperature range, from 680 s-1 at 10°C to 2300 s-1 at 
25°C. This strongly suggests that residues throughout PBX-HD participate in the 
same, concerted two-state dynamic process. 
 
 
Figure 4.4: ΔωCPMG plotted as a function of ΔδHSQC  produced by DNA binding 
(A) Differences in 15N chemical shift between the two exchanging forms of 
unbound PBX-HD extracted from CPMG dynamics data (ΔωCPMG) plotted as a 
function of the change in 15N chemical shift produced by DNA binding (ΔδHSQC) for 
residues in the C-terminal extension (K62, A67, A71, A72, T74, T75, V76, T77, 
A78) (B) Values of ΔδHSQC (blue squares, dashed lines) and ΔωCPMG (red circles, 
solid lines) for all residues with detectable signals in PBX-HD. 
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The simplest explanation for these observations is that PBX-HD exchanges 
between a ground state (90-95%) in which the C-terminal extension is disordered 
and an excited state (5-10%) in which the C-terminal extension is ordered and 
the rest of the homeodomain experiences some conformational rearrangement. 
This hypothesis can be tested by removing the C-terminal extension, since this 
should destabilize the minor state and thus quench broadening in the remainder 
of PBX-HD. We have previously studied a truncated form of PBX-HD that lacks 
the C-terminal extension, using relaxation dispersion NMR experiments [27]. 
Spectral broadening is significantly reduced in the shortened construct. This is 
particularly evident at 10°C, where residues show large dispersions in the 
presence of the C-terminal extension, and little to no broadening in its absence 
(Figure 4.5).  This provides additional evidence that dynamics in the consensus 
(helix 1-3) homeodomain are correlated with those of the C-terminal extension in 
PBX-HD. 
The truncated form of the protein shows some spectral broadening due to 
exchange between the folded and unfolded states, particularly at 20 and 25°C 
[27]. However these motions have very different characteristics than those 
observed for the extended form of PBX-HD, and it is unlikely that broadening in 
the extended protein is caused by folding/unfolding dynamics. Dispersion 
magnitudes in the truncated homeodomain increase with increasing temperature 
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as the population of the unfolded state rises, and the exchange rate is greater 
than 3000 s-1 at 10°C. In contrast, we find that dispersion magnitudes for all 
residues in the extended homeodomain decrease with increasing temperature, 
with an exchange rate of about 670 s-1 at 10°C (Figure 4.5). We do not observe 
dispersions increasing with temperature for any residues in the extended form of 
PBX-HD. Furthermore, differential scanning calorimetric (DSC) analyses of the 
two constructs (Figure 4.6) show that the extended version of PBX-HD is more 
stable than the truncated version. The excess heat capacity peak for the 
extended protein is slightly larger, sharper and shifted to higher temperatures 
compared to that of the truncated protein, indicative of a larger unfolding enthalpy 
and higher melting point. Two-state analyses of the melting curves yield an 
increase in the folding enthalpy of about 10 kcal mol-1 and an increase in the 
melting point of about 5°C. This leads to a roughly 8-fold reduction in the 
population of the unfolded state at 25 °C. Therefore we believe that the spectral 
broadening in the consensus (helix 1-3) homeodomain reflects conformational 
fluctuations that are linked to transient ordering of the C-terminal extension, and 
contains little or no contribution from folding/unfolding dynamics. 
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Figure 4.5: 15N CPMG data for H23 in PBX-HD (residues 1-59) and PBX-HD 
(residues 1-78) 
15N CPMG relaxation dispersion NMR data for H23 in the context of (A-D) a 
truncated version of PBX-HD lacking the C-terminal extension and (E-H) an 
extended version of PBX-HD containing the C-terminal extension. Solid lines 
correspond to individual fits of dispersion profiles using Equation (1.10). The 
upper and lower curves in each panel were obtained at 18.8 and 11.8 T (800 and 
500 MHz 1H Larmor frequencies), respectively 
 
Fits of dispersion profiles with fixed kex=kexinterp yield the parameter Φex on a per-
residue basis. Somewhat surprisingly, the values of Φex for the 16 residues 
analyzed show an opposite dependence on temperature to those of the C-
terminal extension, increasing from an average of 0.030 ppm2 at 10°C to 0.038 
ppm2 at 25°C, rather than decreasing. As discussed above, there is strong 
evidence suggesting that the consensus (helix 1-3) homeodomain is involved in 
the same dynamical process as the C-terminal extension. Therefore the 
population of minor state, pB, is expected to decrease with temperature rather 
than increasing. This implies that the differences in chemical shift between the 
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major and minor states must get larger as the temperature is raised. The 
increase in Φex corresponds to a change in the average chemical shift difference 
from 0.45 ppm at 10°C to 0.91 ppm at 25°C, taking into account the decreasing 
value of pB. This behaviour can be explained in terms of thermally-induced 
changes in the major state of the homeodomain. The truncated form of PBX-HD 
experiences an endothermic conformational transition at low temperatures, as 
evinced by a steeply sloped pre-unfolding DSC baseline (Figure 4.6) [27]. The 
extended PBX-HD studied here likely also undergoes a pre-unfolding transition, 
since it exhibits a similarly sloped DSC baseline. It might be expected that 
ordering of the C-terminal extension would lead to structural stabilization of the 
minor (B) state and fewer temperature-dependent changes, compared to the 
major state. Raising the temperature would thus produce increasing differences 
in chemical shift between the major (more labile) and minor (less labile) states. 
This explanation is consistent with the apparently temperature-independent Δω 
values of the C-terminal extension. The C-terminal extension is disordered in the 
major (A) state, and therefore is unlikely to be affected by structural lability in 
consensus (helix 1-3) homeodomain. 
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Figure 4.6:DSC thermograms for PBX-HD (residues 1-59) and PBX-HD (residues 
1-78) 
DSC thermograms for a truncated version of PBX-HD lacking the C-terminal 
extension  (residues 1-59, red dashed line) and an extended version of PBX-HD 
(residues 1-78, blue dash-dot line). Solid lines correspond to fits using a two-
state folding model. 
 
In order to gain insight into the conformation of the consensus homeodomain in 
the minor (B) state, values of |Δω| were extracted for all observable residues at 
10ºC, including those with little or no broadening, as described above (Figure 
4.4B). Residues throughout the consensus homeodomain exhibit non-zero 
values of |Δω|, implying that folding of the C-terminal extension causes structural 
reorganization throughout the protein. However in contrast to our observation for 
the C-terminal extension, there is not a clear correlation between CPMG-derived 
|Δω| values and the changes in 15N chemical shift produced by DNA binding, |Δδ|. 
In other words, the consensus homeodomain adopts different configurations in 
the major form of the unbound protein, where the C-terminal extension is 
disordered, in the minor form of the unbound protein, where the C-terminal 
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extension is folded, and in the DNA/protein complex, where the C-terminal 
extension is also folded. The functional implications of these observations are 
discussed below. 
  
4.3.4. Dynamics and allostery in PBX-HD.  
There are a number of different paradigms describing molecular recognition 
processes [29]. In the “lock-and-key” model, little or no conformational change 
accompanies binding. The binding interface is formed from complementary and 
essentially static surfaces. This clearly does not describe the PBX-HD/DNA 
interaction, since it does not account for the disorder-to-helix transition of the C-
terminal extension that accompanies binding. Several other models specifically 
address conformational changes associated with binding. The “induced fit” model 
[30] predicts that the bound configuration of a macromolecule is essentially 
inaccessible in the absence of the binding partner. In contrast, the 
“conformational selection” model is based on the idea that the bound 
conformation is populated to non-negligible extent, even without ligands present 
[31]. The NMR dynamics data show that the C-terminal extension folds 
spontaneously in the absence of DNA, in accordance with this “conformational 
selection” model. However the situation is slightly more complicated, since the 
structures of DNA-bound and transiently-populated unbound forms of the protein 
differ in the consensus (helix 1-3) region. This is reminiscent of molecular 
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recognition by maltose binding protein (MBP), which converts from an “open” to a 
“closed” state upon ligand binding [32]. It was recently shown that unbound MBP 
populates a minor form that is more closed than the apo structure, but more open 
than the holo protein, to a level of about 1-5% [33]. Thus in both PBX-HD and 
MBP, an excited state that partly, but incompletely, resembles the bound state is 
populated in the absence of ligand. A binding mechanism can be envisioned in 
which ligands first interact with the minor population of molecules in the excited 
state via conformational selection, and subsequently promote reorganization of 
the binding interface, via induced fit; this scenario was recently proposed as a 
general paradigm for molecular recognition [29]. 
Folding of the C-terminal extension in PBX-HD is accompanied by 
conformational transitions in the rest of the homeodomain. Notably, these 
concerted motions include residues H23, S23b, and N23c which are located 
within the TALE region and residues W48 and G50 of helix 3, which bind in the 
major groove of DNA (Figure 4.1) (using the numbering scheme of the 
homeodomain consensus sequence). The carbonyl of L23a (i.e. the same 
peptide moiety as the amide of S23b) hydrogen bonds directly with the Hox-
peptide, while W48 makes several water-mediated hydrogen bonds with the DNA 
backbone, as shown in the X-ray crystal structure of the ternary complex [16]. 
Thus concerted motions occur in three regions of the protein known to 
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communicate allosterically, reinforcing the idea that these regions are 
energetically linked. In a general statistical mechanical formulation of allostery, a 
protein is described as a conformational ensemble; the populations of the 
conformers that make up the ensemble are redistributed in response to ligand 
binding, thereby altering the macroscopic affinity of the protein for additional 
ligands [34]. In the case of PBX-HD, folding of the C-terminal extension perturbs 
the conformational ensemble of the consensus homeodomain, even in the 
absence of ligands. Both the DNA and Hox peptide binding sites are impacted, 
since folding of the C-terminal extension is accompanied by chemical shift 
changes in both locations. This conformational redistribution likely affects the 
affinity of the protein for both ligands.  
Some thermodynamic insight into this process can be gained from the NMR 
CPMG data. The C-terminal extension is approximately 2.4% folded at 37ºC, 
based on the ΔH and ΔS values extracted in van ‘t Hoff analysis. This implies that 
folding is opposed by a free energetic penalty of about 2.3 kcal mol-1. Truncation 
of the C-terminal extension results in about a five-fold decrease in DNA affinity 
[1], or a change in binding free energy of about 1.0 kcal mol-1. Since folding of 
the C-terminal extension is opposed by a 2.3 kcal mol-1 penalty, but has the net 
effect of improving affinity by 1.0 kcal mol-1, this suggests that the DNA binding 
energy of the 4-helix form of PBX-HD is roughly 3.3 kcal mol-1 more negative 
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than that of the 3-helix form of the protein. In other words the 4-helix form of 
PBX-HD has roughly 200-fold greater affinity for DNA than the 3-helix form. 
These results suggest a possible allosteric mechanism for PBX-HD. If the folding 
of the C-terminal extension produces a similar increase in affinity for the Hox-
peptide, this leads to positively cooperative coupling between the DNA and Hox 
binding sites of about 2.3 kcal mol-1. Binding of the first ligand incurs a 2.3 kcal 
mol-1 free energy penalty for folding the C-terminal extension that need not be 
paid when the second ligand is bound. This corresponds to a roughly 40-fold 
increase in affinity for the second ligand when the first ligand is already bound. 
Thus the folding/unfolding equilibrium of the C-terminal extension could 
contribute directly to the allosteric coupling between the DNA and Hox binding 
sites. This would help to explain why DNA binding is promoted by addition of the 
Hox-peptide [18], why the PBX/Hox-peptide interaction has not been detected in 
the absence of DNA, since it is fairly weak even in the presence of DNA [21], and 
why cooperative formation of the Hox/PBX/DNA ternary complex is promoted by 
the C-terminal extension [15]. 
Dynamic equilibria have been found to play a key role in allosteric 
communication in a variety of other systems [35]. For example, phosphorylation 
of the bacterial nitrogen regulatory protein C (NtrC) leads to a large 
conformational change, oligomerization and transcriptional activation [36]. It was 
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shown by NMR that although the unphosphorylated form of NtrC predominantly 
populates the inactive conformation, it still experiences brief excursions to active 
state. Phosphorylation simply shifts the balance of populations from the inactive 
to the active form, leading to propagation of the signal [36]. The KIX domain from 
the CREB binding protein interacts cooperatively with several different ligands. 
NMR relaxation dispersion data have shown that binding of KIX to one of these 
ligands (the activation domain from the mixed lineage leukemia transcription 
factor) causes a second binding site to transiently adopt its “bound” configuration, 
even in the absence of the second ligand [37]. When the transcriptional activator 
CAP binds cAMP, its DNA-binding domains reorient into an active configuration 
and interactions with DNA are enhanced [38]. Interestingly, the cAMP-bound 
form of the S62F variant of CAP remains almost completely in the inactive 
conformation, even though cAMP binding still stimulates DNA binding in the 
mutant [39]. This is explained by the observation that cAMP binding causes 
S62F-CAP to transiently adopt the active conformation to a level of about 2%, 
suggesting that DNA binding occurs through conformational selection [39]. These 
examples and the concerted dynamics within PBX-HD help to illustrate the 
diversity of ways that conformational equilibria can influence allostery. 
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4.4. Conclusions 
We have used 15N CPMG relaxation dispersion NMR experiments to quantify 
millisecond timescale dynamics in the PBX homeodomain from 10°C to 25°C. 
The largest fluctuations in chemical shift are experienced by residues in a region 
C-terminal to the consensus homeodomain that undergoes a disorder-to-helix 
transition upon binding DNA. The CPMG data strongly suggest that this region 
undergoes transient ordering even when DNA is not present. Firstly, CPMG-
derived chemical shift parameters (Δω) for these residues closely match the 
changes in chemical shift produced by DNA binding (Δδ). Secondly, NMR-
derived enthalpy and entropy changes for the dynamical process correspond 
closely to the expected values for the formation of an additional alpha helix. Thus 
PBX-HD appears to undergo pre-ordering in the absence of binding partners, 
reminiscent of the “conformational selection” paradigm of molecular recognition. 
The rest of homeodomain also undergoes extensive motions on the millisecond 
timescale. These dynamics agree quantitatively with the exchange rate constants 
determined for the C-terminal extension over the entire temperature range 
studied. Furthermore, removal of the C-terminal extension largely quenches 
millisecond timescale motions in the rest of the protein. This strongly suggests 
that residues throughout PBX-HD including the C-terminal extension participate 
in a single two-state exchange process. Notably, residues in the DNA and Hox-
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peptide binding sites are involved in the concerted dynamics. This suggests a 
role for the C-terminal extension in modulating cooperative coupling in PBX-HD. 
These results highlight the importance of flexibility and dynamics in allosteric 
communication, and underscore the utility of NMR in uncovering the molecular 
basis of protein function. 
 
4.5. Methods 
4.5.1. Sample Preparation.  
We studied a homeodomain construct comprising residues 233 to 313 of murine 
PBX (pre-B cell leukemia transcription factor) [1]. In our analysis, we have used 
the numbering scheme for the homeodomain consensus sequence (1 to 78). The 
three TALE residues are numbered 23a,b,c in this system. The protein was 
expressed in E. coli (BL21 DE3) bacteria harboring the Rosetta plasmid 
(Novagen) grown in minimal media [40] with 15NH4Cl as the sole nitrogen source. 
The protein was purified using SP-sepharose ion-exchange and size-exclusion 
chromatography. NMR samples contained 0.8 mM 15N-enriched protein, 20 mM 
sodium phosphate, 10% 2H20, 1 mM EDTA, and 10 µM DSS at pH 6.0. 
Oligodeoxynucleotides with the sequences 5’-GCGCATGATTGCCC-3’ and 5’-
GGGCAATCATGCGC-3’ were purchased from Alpha DNA (Montreal, Canada) 
and purified by Q-sepharose ion-exchange chromatography. The DNA duplex 
was annealed by slow cooling from 95ºC to 25ºC in buffer containing 20 mM 
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sodium phosphate, 150 mM sodium Chloride and 1mM EDTA at pH 7.5. , A 
molar equivalent of 15N-enriched PBX-HD was added and the complex was 
dialyzed into NMR buffer, as given above. 
 
4.5.2. Differential Scanning Calorimetry.  
DSC Experiments were carried out with an N-DSC III calorimeter from 
Calorimetry Sciences Corporation (Linden, UT) at a scan rate of 1.0 K/min and a 
pressure of 4 atm. Samples contained 0.120 mM PBX-HD and 20 mM sodium 
phosphate at pH 6.0. Thermal unfolding was completely reversible. DSC data 
were analyzed with a two-state unfolding model [41], using theoretical heat 
capacity baselines for the unfolded state [42], and optimizing a linear heat 
capacity baseline for the folded state. The fits had five adjustable parameters: the 
denaturation midpoint, the enthalpy of denaturation at the midpoint, two 
parameters to describe the linear folded-state baseline, and a vertical offset 
correction for the unfolded baseline [43]. 
 
4.5.3. CPMG Data.  
1H-decoupled  15N CPMG experiments [44] with power compensation schemes 
[45] were performed at 10, 15, 20, and 25 ºC on Varian INOVA spectrometers 
equipped with cold-probes operating at 500 and 800 MHz 1H Larmor frequencies. 
Peak intensities were quantified, and transverse relaxation rates, R2, and their 
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associated uncertainties, σR2, were calculated as described previously [45]. We 
fitted CPMG relaxation dispersion profiles using equations that describe 
conformational exchange between two states, A and B, associated with spin 
precession frequencies of ωA and ωB, and first order rate constants kAB and kBA: 
 
AB
BA
k
A Bk
  .        (4.4)  
The models can be parameterized in terms of the exchange rate, kex=kAB + kBA, 
the population of the minor (B) state, pB=kAB/kex, and the squared difference in 
precession frequency (or chemical shift) between the two states, Δω2=(ωB –ωA)2. 
In the fast timescale regime, where kex>>|ΔωAB|,  the transverse relaxation rate is 
given by the following expression [24]: 
0 0
2 2 2
41 tanh
4
ex CPMG ex
A A B B
ex ex CPMG
kR p R p R
k k


           .     (4.5)  
Φex=pApBΔω2, while R2A0 and R2B0 are the intrinsic (broadening-free) transverse 
relaxation rates in states A and B, and νCPMG=1/(2τcp), where τcp is the delay 
between successive refocusing pulses in the CPMG pulse train. In the 
intermediate timescale regime, where kex≈ |Δω|, the transverse relaxation rate is 
given by [24]: 
       0 0 112 2 22 2 cosh cosh coshCPMG A B ex CPMGR R R k D D              (4.6) 
2
1
2 2 2
21D
            
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4 CPMG
      
 20 0 2 22 2 4A B B ex A ex A B exR R p k p k p p k         
 0 02 22 A B B ex A exR R p k p k      , 
We fitted the relaxation dispersion profiles assuming that R2A0= R2B0. This is 
typically done in analyses of CPMG data, since it is not possible to reliably 
extract separate values for R2A0 and R2B0 [46]. The assumption is not strictly valid 
for residues in the C-terminal extension. In the major state, these residues are 
unstructured and highly dynamic on a nanosecond to picosecond timescale, and 
thus have low intrinsic R2 values. In the minor state, we believe that the C-
terminal extension is ordered and should therefore intrinsic relaxation rates 
should match those of the consensus (helix 1-3) homeodomain. Based on a 
comparison of relaxation dispersion data for residues in the C-terminal extension 
and the rest of the homeodomain, we estimate that differences in intrinsic 
relaxation rates could be on the order of about ΔR20=20 s-1. It has been shown 
that the assumption of R2A0= R2B0 can lead to systematic errors in extracted 
values of kex and pB according to [46]: 
 
0
21appex ex
ex
p Rk k
k
       ,      (4.7) 
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where kexapp and pBapp are the apparent exchange rate and population, kex and pB 
are the true values and Δp=pA-pB. At 10ºC, where Δp≈0.8 and kex≈680 s-1, 
assuming that ΔR20=20 s-1, this analysis suggests that extracted values of kex 
could differ from their true values by a factor of about 0.98 (2% error) while 
extracted populations could differ by a factor of about 1.06 (6% error). Thus 
although the major and minor states may have quite different intrinsic transverse 
relaxation rates, we do not expect that this has much influence on the extracted 
parameters. Furthermore, in the case of fast timescale exchange, the extracted 
parameters are not affected at all by ΔR20 [46]. 
At 10 and 15°C, dispersion profiles for the C-terminal extension were fitted by 
adjusting the values of kex, pB, Δω, R20(500 MHz) and R20(800 MHz) to minimize 
the chi-squared function: 
 
    
 
2
exp
2 22
2
2
calc
i i
i R i
R R   ,       (4.8) 
where R2calc is calculated using Equation (4.6), and the sum runs over all R2 
values for a single residue at a single temperature at both 500 and 800 MHz for 
individual fits, and over all residues at a single temperature in group fits. 
Uncertainties in the extracted parameters were estimated using a Monte Carlo 
approach in which the group fitting procedure was repeated for subsets of 
residues selected according to a bootstrap procedure [47]. 10,000 bootstrap 
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iterations were performed. The standard deviations of the kex and pb estimates 
thus obtained were taken as the uncertainties in global kex and pb values. 
At 20 and 25°C, the procedure was repeated, fitting values of kex, Φex, R20(500 
MHz) and R20(800 MHz) using Equation (1.10). Minor state populations were 
estimated from the extracted Φex parameters, using Equation (4.1). The averages 
of all five population estimates (for K62, A67, A71, A72, and T74) were taken as 
the global values of pB at 20 and 25ºC, and the standard deviations were taken 
as the experimental uncertainties. The uncertainties in the globally-optimized kex 
values at 20 and 25°C were estimated by Monte Carlo methods analogous to 
those described above. 
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Supporting Table 4.1: Individual and Global Residual χ2 and Δω values  
Residue 
10°C 15°C 20°C 25°C 
χ2individual χ2groupa 
Δωb  
(ppm)   
χ2individual χ2groupa 
Δωb  
(ppm)  
χ2individual χ2groupa 
Δωb  
(ppm)  
χ2individual χ2groupa 
Δωb  
(ppm)  
T13 313 364 0.60 81 112 0.69 63 83 0.88 58 70 1.14 
I15 35 36 0.42 27 30 0.44 7 8 0.45 17 19 0.66 
L16c 127 204 0.63 105 237 1.10 101 338 1.18 86 94 1.21 
N17 65 73 0.25 59 64 0.30 O/L O/L O/L 123 132 0.96 
Y21 106 115 0.48 104 107 0.69 25 28 0.84 155 208 1.27 
H23 93 94 0.81 61 62 0.96 74 77 1.12 33 33 1.24 
S23b 94 111 0.57 198 237 0.74 89 129 0.86 48 59 1.01 
N23c 84 95 0.26 55 56 0.34 24 24 0.43 40 44 0.68 
A30c 531 3866 0.94 164 1097 1.30 116 195 1.49 23 23 1.67 
A35 88 90 0.31 69 70 0.41 34 34 0.51 52 53 0.61 
G39 140 149 0.39 66 76 0.45 O/L O/L O/L 33 38 0.63 
I40 66 70 0.48 55 77 0.61 63 72 0.70 67 74 0.92 
T41 75 79 0.26 78 118 0.39 79 107 0.53 73 113 0.83 
W48 49 60 0.35 128 135 0.40 74 75 0.50 55 55 0.57 
G50 91 100 0.62 199 209 0.72 14 16 0.95 86 87 1.27 
K62 65 78 0.85 25 31 1.07 44 45 0.96 25 25 0.96 
A67c 208 211 2.06 O/L O/L O/L 94 140 2.06 107 138 2.06 
A71 137 222 1.72 69 75 1.72 56 104 1.72 23 26 1.72 
A72 120 223 1.34 145 153 1.37 45 62 1.35 26 37 1.35 
T74 75 76 0.95 30 41 1.05 30 33 1.00 21 29 1.00 
aFor residues K62 to T74, χgroup2 was obtained from group fits of C-terminal 
extension data at each temperature. For residues T13 to G50 χgroup2 was obtained 
from fits with fixed kex=kexinterp. 
bFor residues K62 to T74 at 10°C and 15°C, Δω was obtained from group fits of 
C-terminal extension data, while at 20 and 25°C, Δω is the average of the values 
obtained at 10 and 15°C. For residues T13 to G50, Δω was calculated from 
values of Φex obtained from fits with fixed kex=kexinterp, according to ex
A Bp p
   . 
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cResidues with χ2group/ χ2individual > 2 at one or more temperatures, i.e. inconsistent 
with the global exchange process. 
 
 
Supporting Figure 1 continued next page. 
 184 
 
Supporting Figure 1 continued next page 
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Figure 4.S1: 15N CPMG data for all residues in PBX consistent with global 
exchange parameters 
15N relaxation dispersion data for all residues in PBX whose relaxation dispersion 
data are consistent with global exchange parameters, kexinterp and pBinterp (χ2 
obtained with fixed parameters is less than twice that obtained in the 
corresponding individual fit). The upper and lower curves in each panel were 
obtained at 18.8 and 11.8 T (800 and 500 MHz 1H Larmor frequencies), 
respectively. Black solid lines correspond to fits performed on a per-residue 
basis. Red dashed lines correspond to fits performed using fixed values of pBinterp 
and/or kexinterp. Blank axes correspond to temperatures where the peak of interest 
is overlapped. 
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Figure 4.S2: 15N CPMG data for all residues in PBX not consistent with global 
exchange parameters 
15N relaxation dispersion data for all residues in PBX whose relaxation dispersion 
data are not consistent with global exchange parameters, kexinterp and pBinterp (χ2 
obtained with fixed parameters more than twice that obtained in the 
corresponding individual fit). The upper and lower curves in each panel were 
obtained at 18.8 and 11.8 T (800 and 500 MHz 1H Larmor frequencies), 
respectively. Black solid lines correspond to fits performed on a per-residue 
basis. Red dashed lines correspond to fits performed using fixed values of pBinterp 
and/or kexinterp. Blank axes correspond to temperatures where the peak of interest 
is overlapped. 
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5. Fast Timescale Dynamics in the Highly Flexible PBX 
Homeodomain  
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5.0. Preface 
Chapter 4 in this Thesis examined millisecond-to-microsecond timescale motions 
of the PBX homeodomain. Analysis of these motions showed that the C-terminal 
extension undergoes a disorder-to-helix transition, even in the absence of DNA. 
It has been postulated that this conformational change stabilizes the bound form 
of PBX-HD, which suggests that PBX-HD may be highly dynamic even in the 
well-formed helices in the consensus homeodomain.  
This chapter gives further insights into the role of structural elements in 
the binding process to both DNA and Hox proteins through the examination of 
picosecond-to-nanosecond timescale motion in the backbone of PBX-HD. Motion 
on this timescale gives an indication of the flexibility of the structural features, 
and can give an indication of how well-packed a certain structural feature is. 
Included in this Chapter is work performed by a visiting graduate student from 
the University of Groningen. Under my supervision, Mr. Jelle Slager prepared the 
NMR sample, and ran NMR dynamics experiments. All processing and data 
analysis was performed by the author.  
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5.1. Introduction 
Homeodomains are small DNA-binding proteins that are found throughout 
eukaryotic organisms [1]. Homeodomain structure is highly conserved, 
comprising about 60 amino acids arranged in 3 alpha helices. In general, binding 
is driven by insertion of helix 3 into the major groove of DNA, as well as by 
interactions of positively charged residues N-terminal to helix 1 with the minor 
groove. PBX homeodomain (PBX-HD) is a member of the three-amino-acid-loop-
extension (TALE) class of homeodomains [2], thus named because the helix 1-2 
loop contains a three residue insertion not present in most homeodomains. PBX 
proteins bind DNA cooperatively with HOX proteins [1, 3-8] via a conserved motif 
at the N-terminus of the HOX homeodomain and a binding pocked formed by the 
C-terminus of helix 3 and the TALE. Further, PBX-HD contains a conserved 
sequence of about 15 residues C-terminal to helix 3 that is largely unstructured in 
the absence of DNA [7], yet forms a fourth alpha helix that packs against the 
homeodomain when the protein is bound to DNA [7, 9]. PBX-HD is highly 
dynamic on the millisecond-to-microsecond timescale. The C-terminal extension 
folds on the millisecond timescale (700-2300 s-1) to form a fourth alpha helix to a 
level of 5-10%, even in the absence of binding partners [10]. 
To better understand the dynamic behavior of the homeodomain on the 
picosecond to nanosecond timescale, and to gain additional insight into the role 
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of the C-terminal extension, we performed 15N relaxation studies on PBX-HD in 
the absence of DNA. To obtain residue-specific information on backbone 
flexibility of the PBX homeodomain, we interpreted the experiments within the 
reduced spectral density mapping (RDSM) framework [11]. Examination of ps-to-
ns motions gives insight into the stability of helices of the protein, and indicate 
that there are extensive backbone dynamics in the N-terminus, helix 1, and C-
terminal extension, while residues in the conserved helix-turn-helix motif (helix 2 
and helix 3) are much more rigid in comparison. 
 
5.2. Results and Discussion 
5.2.1. NMR Relaxation Experiments 
To obtain residue-specific information on backbone flexibility of the PBX 
homeodomain, we characterized backbone fluctuations using 1H-15N spin 
relaxation experiments.  We studied a version of the protein running from residue 
1 to 78, using the consensus homeodomain numbering, in which the three 
residues of the TALE are designated 23a,b,c. In this scheme, the consensus 
homeodomain sequence comprises residues 1-59, while residues 60 to 78 
include the C-terminal extension. The 15N spin-lattice relaxation rate constant, R1, 
the 15N dipole-dipole relaxation rate constant Rdd, and the 1H-15N steady-state 
NOE were measured for a partially deuterated, 400 µM PBX-HD (residues 1-78) 
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sample at 25 °C. 15N R1, Rdd, and 1H-15N NOE values were obtained for 57 of the 
possible 81 residues.  
PBX undergoes extensive conformational exchange on the millisecond-
microsecond timescale [10] which can complicate interpretation of transverse 
relaxation rates (R2) in terms of picosecond-nanosecond timescale dynamics 
parameters. The transverse relaxation rate, R2 contains terms from dipole-dipole 
interactions (Rdd), chemical shift anisotropy (R2,CSA) , and chemical exchange (Rex).  
In order to obtain a robust measurement of ps-to-ns timescale motions in a 
system with motions on the μs-ms timescale, it is necessary to quantify the 
magnitude of Rex, or eliminate the term altogether.  
In this study, we have employed an elegant suite of four relaxation 
experiments that have been designed by Hansen et al [12] and which provide an 
exchange-free measure of dipole-dipole 15N transverse relaxation. 
Measurements of single quantum longitudinal relaxation rates in the presence of 
either 1H or 15N spin-lock fields, R1ρ(2H’zNz) and R1ρ(2HzN’z), are combined with 
multiple quantum 1H-15N relaxation rates, R1ρ2 (2H’zN’z), where both 1H and 15N 
spin-locks are applied, and the decay rate of the two-spin order relaxation rate, 
R1(2HzNz),  to isolate only contributions from 1H-15N dipolar relaxation (Rdd) [12]. 
Millisecond-microsecond motions that are fast on the NMR timescale naturally 
cancel out in the linear combination of rates considered in Eq. (5.1), and the 
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presence of a strong spin lock quenches the exchange processes in the slow to 
intermediate regime (see Section 1.5.3 of this Thesis) [12]. 
Figure 5.1 gives decay curves for the four coherences  for a residue in the 
helix-turn-helix motif, E32 (a) and C-terminal extension, A72 (b) at 18.8T, 25 °C.  
Values of the four relaxation rates are obtained from fitting of data points to 
mono-exponential decay functions. Values of Rdd can then be calculated as 
described in the Materials and Methods,  using Equations (5.1)-(5.3). 
 
 
Figure 5.1: Decay curves of four 1H-15N relaxation rates, R1 (2HzNz), R1ρ2(2H'zN'z), 
R1ρ(2H'zNz), R1ρ(2HzN'z) 
Decay curves of 2HzNz (●, Izz(Trelax)), 2H'zN'z (■, Ixx(Trelax)), 2H'zNz (○, Ixz(Trelax)), and 
2HzN'z (□, Izx(Trelax)), for E32 (a) and A72 (b)  at 18.8T, 25 °C. The insets show all 
Trelax data points used to obtain a decay curve for 2HzNz (●, Izz(Trelax)). Solid lines 
are obtained from best-fits to an exponential decay function.   
 
R1 and 1H-15N NOE values have been obtained by standard means [13], and data 
for those experiments, along with Rdd values, are shown in Figure 5.2. The 1H-15N 
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NOE is typically most sensitive to motions on the picosecond-to-nanosecond 
timescale, with values near approximately 0.86 indicating a lack of such motions 
(calculated according to the Lipari-Szabo model free formalism [14, 15] with an 
order parameter, S2 = 0.9 and macromolecular tumbling time, τM = 10 ns), and 
lower values indicating increasing local dynamics on this timescale.  
 
 
Figure 5.2: Backbone 15N relaxation parameters 
The values of (a) R1, (b) Rdd and (c) heteronuclear NOE for individual residues are 
shown as a function of protein sequence. Structural features of the protein are 
displayed above, where filled (grey) helices indicate structure in the absence of 
DNA, and unfilled (white) helices represent residues that undergo a disorder to 
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helix transition upon DNA binding. All parameters and associated errors were 
obtained using the fitting procedures described in the text.  
 
The average R1 and Rdd values are 1.25 s-1 and 4.25 s-1, respectively, at 18.8 T.  
Residues at the C and N termini are more flexible than internal residues, with 
lower NOE and Rdd values qualitatively indicating more mobility in these regions.  
A detailed analysis of the picosecond-to-nanosecond dynamics is provided 
through analysis of the spectral density function J(), which is the real Fourier 
transform (FT) of the autocorrelation function (the reader is referred to Section 
1.5.3.3), evaluated near the 1H and 15N Larmor frequencies (ωH, ωN) and zero 
frequency. J(ωN), and J(0.87ωH) are only sensitive to motions on the ps-ns 
timescale. As discussed in Chapter 1 Section 1.5.3.1, ms-microsecond motions 
can lead to dynamical broadening, Rex. Rex  contributions to R2 lead to artificially 
elevated J(0) values  (see equations 1.12-1.14). However ms timescale motion 
has been eliminated in this analysis through the use of exchange free Rdd 
experiments.  
In a biomolecule with negligible internal motions, J(0) has an upper limit of 
2/5τM (see Eq. 1.16), related to the correlation function for isotropic Brownian 
motion [16],  but in the presence of internal motions faster than the molecular 
tumbling time, J(0) decreases. Therefore, the larger the amplitude of rapid 
internal motions, the lower the value of J(0). Internal motions that occur near the 
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1H and 15N Larmor Frequencies are often accompanied by an increase in 
J(0.87ωH) and J(ωN). Regions of well defined secondary structure have uniformly 
high J(0) and low J(0.87ωH) values, indicating a relatively high degree of rigidity 
[17].  
 
5.2.2. Reduced Spectral Density Mapping 
 Relaxation data were interpreted under the reduced spectral density mapping 
[11, 18] (RSDM) framework to determine values of the spectral density function, 
J(ω), at the frequencies 0, ωN, and 0.87ωH to characterize overall and 
intramolecular motions on picosecond-nanosecond timescales. The values for 
J(0), J(ωN), and J(0.87ωH) were calculated according to Eqs. (5.4)-(5.6) described 
in the materials and methods.  
 Reduced spectral density mapping [11, 18] was employed for analyzing 
the relaxation data, rather than the model-free formalism [14, 15] because the 
model-free formalism is usually not valid for fully and partially unfolded proteins 
since the assumption of a single overall correlation time and the deconvolution of 
internal motions and overall molecular tumbling is not likely valid [19]. While 
model-free calculations have been used to analyze relaxation measurements on 
unfolded states by introducing a distribution of correlation times [20, 21], RSDM 
provides a more rigorous methodology for unfolded and partially unfolded 
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proteins since it does not make any assumptions about the underlying physical 
model.  
Detailed analysis of the spectral density functions can be performed 
through examination of the data in the graphs shown in Figure 5.3. Previous 
backbone dynamics studies of homeodomains have typically shown highly 
dynamic N and C termini on the ps-ns timescale, with relatively limited ps-ns 
backbone dynamics throughout the rest of the protein [22-25]. This can be 
rationalized from structural and functional features of homeodomains, where the 
N-terminus inserts itself into the minor groove of DNA, and the C-terminus is 
highly flexible.  As we can see in Figure 5.3 and Table 5.1, the reduced values of  
J(0) and elevated values of J(0.87ωH ) indicate that the major form of the C-
terminal extension is highly dynamic on the picosecond timescale, which is 
consistent with previous structural studies indicating it is highly unstructured [7]. 
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Figure 5.3: Reduced Spectral Density Mapping 
Calculated values of the spectral density function (ns/rad) are plotted as a 
function of residue number (a) J(0.87ωH).  (b) at the 15N Larmor Frequency, J(ωN),  
and (c) at zero frequency, J(0).Reduced spectral density values were calculated 
from the relations in Eqs (5.4)-(5.6) between J(0), J(ωH) and J(ωN), and R1,  
hetNOE [13], and R1ρ(2H'zNz), R1ρ(2HzN'z), R1ρ2(2H'zN'z), and R1(2HzNz) relaxation 
experiments [12]. Structural features of the protein are displayed above, where 
filled (grey) helices indicate structure in the absence of DNA, and unfilled (white) 
helices represent residues that undergo a disorder to helix transition upon DNA 
binding. 
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Table 5.1: Average values for J(0), J(0.87ωH) and J(ωN) in different structural 
subunits of PBX homeodomain. Uncertainties in average values are the standard 
error of the value reported.  
 
Structural Feature J(0)avg (ns/rad) J(ωN) avg (ns/rad) J(0.87ωH) avg (ns/rad) 
N-terminus (A1-K10) 0.8±0.6 0.22±0.06 0.008±0.004 
Helix 1 (Q11-Y21) 1.3±0.5 0.18±0.02 0.009±0.002 
TALE (I23a-N23c) 2.33±0.05 0.178±0.005 0.00458±0.00002 
Helix2 (E28-S38) 2.68±0.03 0.178±0.002 0.0040±0.0001 
Helix 3 (S43-R53) 2.8±0.3 0.178±0.004 0.0045±0.0007 
C-terminal extension 
(I60-A78) 
0.6±0.1 0.189±0.009 0.015±0.001 
 
Somewhat surprisingly, very reduced values of J(0) and elevated values of 
J(0.87ωH) are also seen throughout helix 1, indicating that it is highly dynamic on 
the picosecond timescale as well. This result can be rationalized in terms of 
previous structural studies on PBX bound to DNA [7]. The C-terminal extension 
undergoes a disorder-to-helix conformational change, with helix 3 extending by 
approximately 5 residues, and helix 4 folding and resting across helix 1, but not 
directly contacting the DNA. It has been postulated that this conformational 
change stabilizes the conformation of PBX that is optimal for binding [7, 8], and 
these results lend support to that conclusion. In order to further test this 
conclusion, additional backbone dynamics studies need to be performed on PBX 
bound to DNA.  
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Values of  J(0), J(ωN) and J(0.87ωH) for the three-amino-acid-loop-extension 
(TALE),  helix 1-2 loop, helix 2, and helix 3 are all quite similar, and the lower 
J(0.87ωH) values indicate that these structural features are much more rigid on 
the picosecond timescale in comparison to the N-terminus, helix 1, and the C-
terminal extension. Helix 2 and helix 3 comprise the conserved helix-turn-helix 
(HTH) motif that is typical of homeodomains [4], and make up the well packed 
hydrophobic core of PBX [7]. Elevated J(0.87ωH) in residues K52 and R53 in the 
C-terminus of helix 3 may indicate some fraying of the helix, which is consistent 
with previous backbone relaxation studies of other homeodomains [22, 24]. The 
HTH motif of L16A Engrailed homeodomain has been previously shown to be 
autonomously stable [26], and the results shown here can be rationalized in 
terms of this finding. The backbone of the HTH motif of PBX-HD is relatively rigid, 
even though the N-terminus, helix 1 and the C-terminal extension show high 
levels of flexibility on the picosecond timescale.   
In summary, we have investigated the dynamical properties of PBX 
homeodomain on the picosecond to nanosecond timescale. Due to extensive 
chemical exchange on the millisecond to microsecond timescale, we have 
employed a series of four relaxation experiments that provide an exchange-free 
measure of dipole-dipole 15N transverse relaxation. As was expected, the N- and 
C- termini of PBX HD are highly flexible. Surprisingly, helix 1 is also highly 
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flexible on the picosecond to nanosecond timescale. This result supports the 
theory that the disorder-to-helix conformational change of the C-terminus upon 
binding to DNA stabilizes the bound conformation.  
 
5.3. Materials and Methods 
5.3.1. Sample Preparation 
A sample of [15N, 2H] PBX comprising residues 233-313 of the murine pre-B cell 
transcription factor [27] was expressed in Escherichia coli (BL21 DE3) harboring 
the Rosetta plasmid (Novagen), grown in 2H20-minimal media [28]. The protein 
was purified using SP-sepharose ion-exchange and size-exclusion 
chromatography. The NMR sample contained 400 μM [15N, 2H] enriched protein, 
10% 2H20, 1 mM EDTA, 10 μM DSS, and 20 mM 2-(4-morpholino)ethane-sulfonic 
acid  (MES) at pH 6.0.  
5.3.2. NMR Spectroscopy 
 The four relaxation rates R1ρ(2H'zNz), R1ρ(2HzN'z), R1ρ2(2H'zN'z), and R1(2HzNz) 
were measured for PBX (298 K)  on a Varian INOVA spectrometer equipped with 
a cold probe at a static magnetic field strength of 18.8 T, using the pulse 
schemes developed by Hansen et al [12]. Relaxation delays between 1 and 50 
ms were used for R1ρ(2H'zNz), R1ρ(2HzN'z), R1ρ2(2H'zN'z) experiments, while delays 
between 5 and 33 ms were used for R1(2HzNz). 1H and 15N continuous wave (CW) 
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spin-lock field strengths of 12.3 and 2.0 kHz were employed. Total acquisition 
times were 9.25 h for R1(2HzNz) (1.2 h/2D data set) and 9 h for R1ρ(2H'zNz), 
R1ρ(2HzN'z), R1ρ2(2H'zN'z) (1.1 h/2D data set). The exchange-free transverse 
relaxation rate, Rdd, was obtained as the linear combination of the four relaxation 
rates R1ρ(2H'zNz), R1ρ(2HzN'z), R1ρ2(2H'zN'z), and R1(2HzNz): 
       2, 1 1 110.5 2 ' 2 ' 2 ' ' 2Z Z Z Z Z Z Z ZR R H N R H N R H N R H N           (5.1) 
 2 2, sin sin R'H N dd exR R             (5.2) 
where θX is the angle between the effective magnetic field in the rotating field and 
the z-axis: tanθX= ωSL,X/ΩX, where ωSL,X is the spin locking field strength (rad/s) 
applied along the x axis of the rotating field, and ΩX is the offset of the spin from 
the RF carrier on either the 15N or 1H. ,R  has been shown to be insensitive to 
chemical exchange over the complete exchange regime [12]. With a protein with 
levels of deuteration in excess of approximately 50%, it was shown RΣ,ρ is 
affected by cross-relaxation with external proton spins to a very small degree, so 
to excellent approximation:   
,
2 2sin sindd H N
R
R  
         (5.3) 
Uncertainties in Rdd were calculated by propagation of uncertainties in  
R1ρ(2H'zNz),  R1ρ(2HzN'z), R1ρ2(2H'zN'z), and R1(2HzNz) . 
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Nitrogen R1 relaxation rates along with steady-state 1H-15N NOE values [13]  
were obtained for the backbone amides, again at a static magnetic field strength 
of 18.8 T. Relaxation delays between 10 and 63 ms were used to monitor the R1 
rates. The 1H-15N NOEs were determined from two spectra, with and without 
proton presaturation. The spectrum with presaturation was recorded with a 
prescan delay of 7 s followed by 5 s of proton presaturation, while the spectrum 
without proton presaturation was recorded with a 12 s prescan delay. The total 
acquisition time was 12h and 68 h for the nitrogen R1 and 1H-15N NOE 
experiments, respectively.  
The spectral density values, J(0.870ωH), J(0), and J(ωN), were calculated under the 
high frequency approximation that J(0.921ωH) and J(0.955ωH) are both equivalent 
to J(0.870ωH) [11], and are obtained from the following set of equations: 
    2 1NOE 1 4 5 0.870 TH N Hd J            (5.4) 
       2 21 4 3 7 0.870N H NR d J J c J            (5.5) 
       2 8 4 0 3 0.845 0.870dd N HR d J J J          (5.6) 
where 2 30 8H N NHd h r        ,   3Nc     , µ0 is the permeability of 
free space, γH and γN are the respective gyromagnetic ratios, ωH and ωN are the 
respective nuclear Larmor frequencies of 15N and 1H, h is Planck’s constant, rNH 
is the length of the amide bond, and    and  are the parallel and perpendicular 
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components of the axially symmetric chemical shift tensor. The uncertainties in 
the values of the spectral density functions were calculated by propagating the 
uncertainties of the independent variables using a Monte Carlo procedure taking 
into account the experimental errors in the measured R1 Rdd and NOE values [29]. 
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6.1. Conclusions and Contributions to Original Knowledge 
The research reported in this Thesis has contributed to the development of 
methodologies in the study of disorder-to-order transitions, as well as given 
insight into the thermodynamics and kinetics of specific, biologically relevant 
processes. The major conclusions and contributions to original knowledge from 
each chapter are outlined below.  
 
6.1.1. Chapter 2 
We have shown that folding kinetic data for multiple mutations at individual 
hydrophobic core positions can be well accounted for by two parameters 
describing the dependence of transition state stability on the destabilization of the 
native state and the difference in water/octanol transfer free energies between 
the wild-type and mutant side chains. These parameters can be interpreted in 
terms of the formation of the native-like structure and additional hydrophobic 
collapse on a per-site basis. The analysis shows that the process of nonspecific 
burial is generally further progressed than the formation of specific interactions in 
the transition state, although some native-like contacts are present at the rate 
limiting step of folding in all three proteins considered here. We find that the 
folding transition states examined in this study are fairly tolerant of disruptive 
mutations, and argue that such substitutions can provide important information 
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regarding side chain interactions in the transition state. The two-parameter fits 
represent a general approach for interpreting folding data for multiple mutations 
at hydrophobic core positions and provide more detailed information on the 
structure of the transition state than do existing methods. 
 
6.1.2. Chapter 3 
We elucidated the folding mechanism of a small, marginally stable protein, PBX-
HD (residues 1-59) which exhibits a broad thermal denaturation profile. It was 
shown that PBX-HD folds rapidly (kF = 4090 s-1 at 25 °C) over a single, entropic 
energy barrier from a dentatured state that contains residual structure to the 
native state that undergoes an endothermic conformational rearrangement. This 
two-state folding mechanism was distinguished from multistate or downhill folding 
mechanisms through a novel combination of DSC, NMR thermal melt, and 
CPMG experiments.  
 
6.1.3. Chapter 4 
We investigated the nature of allosteric coupling of the TALE (three amino acid 
loop extension), DNA binding region, and C-terminal extension of PBX-HD 
(residues 1-78). NMR relaxation dispersion studies strongly suggest that the C-
terminal extension of PBX undergoes a disorder to helix transition to a level of 5-
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10%, even in the absence of binding partners, suggesting that PBX-HD 
transiently pre-organizes prior to DNA binding, reminiscent of the "conformational 
selection" model of molecular recognition. CPMG-derived chemical shift 
parameters (Δω) for these residues closely match the changes in chemical shift 
produced by DNA binding (Δδ). Additionally, NMR-derived enthalpy and entropy 
changes for the dynamical process correspond closely to the expected values for 
the formation of an additional alpha helix. The rest of homeodomain also 
undergoes extensive motions on the millisecond timescale, which agree 
quantitatively with the exchange rate constants determined for the C-terminal 
extension over the entire temperature range studied. Furthermore, removal of the 
C-terminal extension largely quenches millisecond timescale motions in the rest 
of the protein. This strongly suggests that residues throughout PBX-HD including 
the C-terminal extension participate in a single two-state exchange process. 
 
6.1.4. Chapter 5 
We investigated the backbone flexibility of PBX-HD (residues 1-78) through 
NMR relaxation experiments. In order to separate picosecond to nanosecond 
timescale motions from exchange on the millisecond to microsecond timescale, 
we employed a series of four relaxation experiments that have been designed by 
Hansen et al [1] which provide an exchange-free measure of dipole-dipole 15N 
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transverse relaxation. Somewhat surprisingly, relaxation experiments show that 
helix 1 is highly flexible on the picosecond timescale. This gives support to the 
proposed stabilizing role of the disorder-to-helix conformational transition of the 
C-terminal extension. 
 
6.2. Future Directions 
The work presented in this thesis has laid the groundwork for multiple projects 
involving PBX-HD and its binding partners. Two of these projects have been 
initiated by the author, and will be briefly described below.  
 
6.2.1. Evidence of Additional Microsecond Timescale Dynamics in PBX  
Determination of exchange free transverse relaxation values, Rdd, has an 
additional application in the study of dynamics of biomolecules by NMR. As 
mentioned previously in Chapter 1, the transverse relaxation rate, R2, contains 
terms from dipole-dipole interactions (Rdd), chemical shift anisotropy (R2,CSA), and 
chemical exchange (Rex). Reduced spectral density mapping enables us to back-
calculate transverse relaxation rate in the absence of exchange, R20, from J(0), 
J(ωN) and J(0.87ωH) that were calculated from Eqs (5.4)-(5.6) in Chapter 5.  
The transverse relaxation rate in the absence of exchange, R20, is an 
important parameter in the fitting of Carr-Purcell-Meiboom-Gill (CPMG) 
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experiments, which enable the quantification of millisecond timescale 
contributions to R2 (for additional information on these experiments, please see 
Chapter 1.5.3.2 and the equations therein). R20 can be back-calculated from 
spectral density values, using the relation:  
             2 22 8 4 0 3 13 0.870 6 4 0 3N H NR d J J J c J J              (6.1) 
where 2 30 8H N NHd h r        ,   3Nc     , µ0 is the permeability of 
free space, γH and γN are the respective gyromagnetic ratios, ωH and ωN are the 
respective nuclear Larmor frequencies of 15N and 1H, h is Planck’s constant, rNH 
is the length of the amide bond, and    and are the parallel and perpendicular 
components of the axially symmetric chemical shift tensor.  
We have demonstrated the application this method of calculating R20 through 
analysis of CPMG experiments on the same sample of partially deuterated PBX-
HD from Chapter 5. Figure 6.1 illustrates that R20 levels obtained from fitting 
relaxation dispersion data to a two-site exchange model (grey line (i)) is elevated 
compared to R20 (black line (ii)). This indicates that there are additional motions 
on the microsecond timescale which are not able to be quenched by CPMG 
experiments. Fitting of the two-site exchange process does not account for these 
additional motions, which indicates that an additional process(es) is present. 
Fitting of the relaxation dispersion data to a multi-site exchange process is 
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currently in progress, with R20 values obtained from Eq (6.1) being used as a 
restraint in the fitting procedure.  
 
Figure 6.1: Additional microsecond motions as evidenced from elevated R2 
values 
15N CPMG relaxation dispersion NMR data for three representative residues of 
PBX located in the TALE (three-amino-acid-loop-extension, N23c), helix 3 (K52), 
and C-terminal extension (A72) at (a-c) 18.8 T (800 MHz 1H Larmor frequency) 
and (d-f) 18.8 T (500 MHz 1H Larmor frequency).  The three-residues of the 
TALE insert are designated 23a,b,c in the consensus numbering scheme. R2 is 
the 15N transverse relaxation rate, and νCPMG=1/(2τcp), where τcp is the delay 
between successive refocusing pulses in the CPMG pulse train. The grey lines 
correspond to fitting to a two-site exchange process. The grey solid line (i) 
corresponds to R2,8000 for fitting to a two-site exchange process, where R2,8000 is an 
adjustable parameter. R2,8000 fixed to the value shown as a black solid line (ii) , 
obtained using Eq. (6.1)  
 
It is important to note that even at high field strength (18.8 T), where 
contributions from the CSA becomes significant, and therefore the site-by-site 
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variations in CSA values can emerge as an issue, the uncertainty in the CSA 
component resulted in only an 8% uncertainty in R20, on average.  
 
6.2.2. Thermodynamic cycle of binding for PBX-HD 
PBX-HD is a highly dynamic system, even in the absence of binding partners. 
This Thesis has only briefly touched on the binding of PBX-HD with cognate 
DNA, and has not explored the thermodynamics of PBX-HD in the presence of 
binding partners. An important next step in the study of PBX-HD would be to 
characterize the thermodynamics PBX-HD:DNA interaction, and the 
conformational change that accompanies the binding. Figure 6.2 outlines the 
proposed thermodynamic cycle of binding. It has been previously shown that 
PBX-HD undergoes structural rearrangement upon binding to DNA. This involves 
a lengthening of helix 3, as well as ordering of the C-terminal extension into a 
fourth helix [2]. It has also been shown previously that the addition of this C-
terminal extension increases binding affinity by approximately a factor of five [3].  
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Figure 6.2: Schematic of a proposed thermodynamic cycle of binding for PBX1 to 
DNA 
 
It has been shown in this Thesis that PBX-HD can undergo a disorder to helix 
transition, even in the absence of DNA [4]. Understanding the affect of the 
conformational change on the binding affinity at an atomic level would give a 
great amount of thermodyamic insight into the role of allosteric control in the 
binding process for PBX1. A major difficulty in the full thermodynamic 
characterization of binding would be to separate the energetics of the binding 
from the energetics of the conformational change of PBX-HD. 
 
6.2.3. Y21C/A67C PBX1 Mutant 
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The ability to "lock" PBX-HD in different conformations would, in theory, allow us 
to separate the thermodynamics of binding from the thermodynamics of 
conformational change in PBX-HD. Covalent linkage of the C-terminal extension 
to the main body of the homeodomain should, in principle, result in the 
stabilization of the C-terminal extension in a helical conformation. Engineering a 
disulfide bond linkage is an ideal method for this, with disulfide bonds being 
stable in the oxidized form, and can be broken through reduction, or through S-
methylation of the cystine groups [5]. 
Current progress towards this study involves the engineering of a disulfide 
bond between a residue in the C-terminus (A67C) and helix 1 (Y21C). These 
residues were chosen for mutation using the program Disulfide by Design (DBD) 
[6]. DBD predicted disulfide bond formation between these residues in the 7 of 
the10 lowest energy NMR structures of PBX-HD bound to DNA (1LFU [7]), with 
an estimated Χ3 torsion angle, formed by the Cβ-Sγ-Sγ-Cβ bonds with rotation 
about the Sγ-Sγ bond,  of 115.9, consistent with values observed in a survey of 
disulfide bonds [8]. 
 224 
 
Figure 6.3: Schematic of Y21C/A67C PBX-HD (residues 1-78) mutant.  
This schematic illustrates the proposed control of helix formation through 
disulfide bond oxidation and reduction. Residues (Y21C and A67C) selected for 
mutation to form a disulfide bridge are shown as red balls. The ribbon diagram of 
the structure is taken from PDB accession code (1LFU) [7].  
 
Y21C/A67C PBX-HD has been expressed in Escherichia coli (BL21 DE3), 
and purified using SP sepharose ion-exchange and size exclusion 
chromatography.  NMR 1H-15N HSQC spectra of oxidized and reduced 
Y21C/A67C PBX-HD have been acquired, and are shown in Figure 6.4. 
Extensive broadening is seen in reduced Y21C/A67C PBX-HD (Fig. 6.4 (b)), with 
line broadening comparable to that in PBX-HD (Fig. 6.4 (a)). However, the 
spectrum of oxidized Y21C/A67C PBX-HD (Fig. 6.4 (c)) shows very little line 
broadening, as well as a shift in resonances of many of the peaks, indicating a 
decrease in conformational exchange. Several resonances which are broadened 
beyond detection in reduced Y21C/A67C PBX-HD are visible in oxidized 
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Y21C/A67C PBX-HD. This suggests that there is stabilization of a more ordered 
conformer. 
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Figure 6.4: 1H-15N HSQC Spectra of PBX-HD and Y21C/A67C PBX-HD 
A comparison of HSQC spectra of (a) PBX1 (residues 1-78) (b) Y21C/A67C 
PBX-HD (residues 1-78) in the presence of a reducing agent (5mM DTT) to 
prevent disulfide bond formation, and (c) Y21C/A67C PBX-HD (residues 1-78) in 
the absence of reducing agent.  
 
Both structural and dynamical studies are necessary in order to determine 
how mutations affect the overall structural and dynamical properties of the 
protein. A technique that can be employed to gain insight into the 
thermodynamics of binding of PBX-HD to DNA is Isothermal Titration Calorimetry 
(ITC), which directly measures the amounts of heat that are absorbed or 
released when a ligand is incrementally titrated into a solution of its 
macromolecular binding partner. ITC detects the binding enthalpy directly in a 
single experiment, unlike spectroscopic measurements where ΔH is extracted 
from the temperature dependence of KA through van 't Hoff analyses.  
6.3. Outlook 
Conformational exchange is a major process through which biomacromolecules 
control function. It is becoming increasingly clear that dynamics play an important 
role in biological processes, and the combination of NMR, calorimetric, and better 
fitting techniques will continue to provide information on many biological 
processes. This Thesis describes methodologies in the thermodynamic and 
kinetic study of biomacromolecular dynamical processes. The techniques 
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employed and developed in this Thesis are applicable in the further study of 
PBX-HD, as well as being general methodologies for biophysical studies of 
processes involving conformational exchange.  
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